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In this thesis, the design, fabrication and characterization of a lamellar grating based 
Fourier transform micro-spectrometer are reported. Compared to conventional Fourier 
transform spectrometers which are normally bulky, costly and confined to laboratories, 
this spectrometer prototype has a compact structure, low machining cost and can be 
potentially applied to real-time analysis and on-site testing to determine the compositions 
of chemicals. This indicates that miniaturization of conventional instruments can bring 
great convenience to daily life. This miniaturized spectrometer is realized through micro-
electro-mechanical systems (MEMS) technology and is electrostatically driven by 
parallel plate actuators. Under a step-by-step movement regime, the spectrometer 
achieves a single-side displacement of 24.5µm, which corresponds to the full-width at 
half-maximum (FWHM) resolutions of 9.8nm at 532nm and 12.8nm at 637.2nm. To 
improve the performance of the model, two different approaches are adopted. The first 
one is to actuate the model at its resonant mode. As a consequence, a bi-directional 
displacement of about 100µm is observed and the spectral resolving capability of the 
model is improved by a factor of 2. The second approach is to construct a cascaded 
spectrometer so as to enhance the model’s resolving power. The cascaded spectrometer 
consists of two individual spectrometers, one having a near-zero initial optical path 
difference (OPD) and the other having a prefixed OPD. A proposed algorithm is used to 





spectrometer with a virtual elongated scanning range, which reflects the performance 
improvement of the existing spectrometer model. Experimental results are presented 
which have confirmed this idea and have shown the effectiveness of the proposed 
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Chapter 1 Introduction 
 
Real-time analysis and on-site testing are frequently required in modern industries. As 
existing measurement instruments are normally heavy, voluminous and costly, it is 
desirable to miniaturize existing macro-instruments as well as reduce their cost. During 
the miniaturization process, silicon micromachining technology plays an important role. 
Since the mid 1960s, silicon micromachining technology has been developing at a rapid 
pace [1]. As a result, the minimum feature size of silicon devices is becoming smaller and 
smaller. To date, silicon micromachining technology has been widely applied in many 
industries and research areas, such as the semiconductor industry, the telecommunication 
industry and the research of micro-electro-mechanical systems (MEMS), etc [2]. 
Compared with conventional machining techniques, silicon micromachining technology 
is superior in terms of cost and accuracy. This is due to the nature of the machining 
process. Since silicon micromachining technology can integrate thousands of devices on 
a single silicon wafer, the production cost for each individual device is greatly reduced. 
Moreover, device features can be defined by silicon micromachining technology with 
nanometer resolution and there is no contact force between machining tools and 
workpieces in the machining process. Instead, the chemical reaction dominates the 
unwanted material removal process, which is combined with high-resolution definition of 






Miniaturization of conventional spectrometers, which are extensively used instruments 
for chemical sensing, is also powered by the industrial needs mentioned previously. Due 
to the fact that miniaturized spectrometers can provide great convenience in data 
acquisition and significantly reduce the testing period, they have attracted a lot of 
attention in recent years and many miniaturized spectrometers have been successfully 
proposed and realized.  
 
In subsequent sections, spectrometers and Fourier transform spectrometers (FTSs) are 
briefly introduced, which is followed by presenting the overview of silicon 
micromachining technology. The challenges to MEMS spectrometers are highlighted, 
which precedes the objectives of this study. A detailed description and review of MEMS 
spectrometers especially MEMS FTSs will be presented in Chapter 2. At the end of this 




A spectrometer is normally used to identify chemicals by measuring the emission or 
absorption spectrum of the chemical samples under test. The applications of spectrometer 
range from scientific research to industries, such as environment monitoring, drug testing 
and food quality inspection, etc. The performance of a spectrometer is usually determined 
by two key parameters - resolution and signal-to-noise ratio (SNR). Resolution describes 
a spectrometer’s ability to differentiate the minimum spectral interval in an obtained 





value means a more detailed spectrum can be displayed and more information is included 
in the spectrum. SNR reflects the sensitivity and accuracy of a spectrometer. Generally 
speaking, a spectrometer having a high SNR is more sensitive and accurate. In addition, 
SNR reflects the reality of the features in a spectrum, since a spectral feature is 
considered real only if its intensity is three times larger than that of noise level [4].  
 
A spectrometer can be in various different forms according to the approach used to obtain 
the spectrum, i.e., prism spectrometer, diffractive grating spectrometer, Fabry-Perot 
spectrometer, Fourier transform spectrometer (FTS) [5, 6] and so on. Each type of 
spectrometer will be briefly introduced in the following sections.  
 
Figure 1.1 depicts a simple prism spectrometer, which is initially employed to measure 
the refractive index of transparent materials [7]. This spectrometer consists of a prism, a 
detector and two apertures. The incident light is dispersed into the constituent 
wavelengths at the prism due to variation of the prism’s refractive index with wavelength. 
This means that the light components of different wavelengths deviate differently from 
the incident direction. To detect the dispersed radiation sequentially, an exit slit is used to 
limit the light component which can fall onto the detector. By rotating the prism or 
changing the position of the exit slit, all the constituent wavelengths can be measured. 
 
The diffractive grating spectrometer is commonly seen in today’s spectrometer market. 
Similar to prism spectrometer, a diffractive grating with periodic structure acts as the 





different directions depending on the grating period and the wavelengths of the 
constituent components [8]. When the grating or the focusing mirror is rotated, different 




Figure 1.1 Schematic of a prism spectrometer [7] 
 
 
Figure 1.2 Schematic of a diffractive grating spectrometer [8] 
 
A Fabry-Perot (FP) spectrometer is frequently used for high resolution spectrum 
measurements. As shown in Figure 1.3, the key component of Fabry-Perot spectrometer 





light beams can pass it through every time they reach the second surface [9]. The multiple 
reflections of light give each transmitted light beam a unique optical path difference. 
Hence, multi-beam interference will occur at the projection screen after the light beams 
are collimated by the focusing lens. Constructive interference occurs when the 
transmitted beams are in phase with each other, which corresponds to a bright fringe on 
the screen. If the transmitted beams go out of phase, destructive interference occurs, 
corresponding to a dark fringe on the screen. 
 
 
Figure 1.3 A simple setup of Fabry-Perot spectrometer [9] 
 
Compared to the three kinds of spectrometer introduced above, the Fourier transform 
spectrometer has had a more significant impact on the scientific world and is generally 
favored over the others because of the well-known Jacquinot advantage and Fellgett 
advantage [10, 11], which will be detailed in the Chapter 2. Figure 1.4 shows a 
Michelson interferometer, which is a typical Fourier transform spectrometer that uses an 
interference-based method to realize spectrum scanning [12]. Basically, it works by 





beamsplitter after a phase shift has been introduced between the two parts of radiation. 
The phase shift can be varied by changing the position of the translating mirror. As the 
phase shift varies, an interference pattern which contains information of the light source 
used is generated and recorded. By applying a Fourier transform operation to the 
collected interferogram data, the spectrum of the light source is accordingly retrieved. 
Fourier transform spectrometers have found applications in both the visible and infrared 
wavelength ranges. Due to its wide application in the near- to mid- infrared wavelength 
range, a new branch of spectroscopy called Fourier transform infrared spectroscopy 
(FTIR) was created, bringing greater attention to Fourier transform spectrometers.  
 
 
Figure 1.4 Schematic of a Michelson interferometer [12] 
 
1.2 Overview of Silicon Micromachining Technology 
 
Silicon micromachining technology is the dominant technology in the implementation of 
MEMS devices. It consists of three basic but crucial processes, namely, deposition, 
patterning and etching. Deposition is a process of coating one or several layers of thin 





nanometers to a few micrometers. Thin films can either be structural material or 
sacrificial material depending on the machining requirements. Typical deposition 
processes include sputtering, evaporation, low pressure chemical vapor deposition 
(LPCVD) and plasma enhanced chemical vapor deposition (PECVD) [14].  
 
Patterning is a process used to transfer mask patterns onto a photosensitive material by 
selectively exposing it to a radiation source [15]. Upon exposure, the physical properties 
of the photosensitive material undergo some changes, for example, the radiation causes 
the exposed part of the negative photoresist to become cross-linked. After that, developer 
is used to process the exposed sample. The cross-linked region of the photoresist does not 
react with the developer thus keeping its shape, while the unexposed region is dissolved 
and washed away.  By doing so, a photoresist pattern is formed on the sample, which acts 
as a mask for the underlying structural material. According to the types of radiation 
source used, patterning can be generally categorized as photolithography, electron beam 
lithography, ion beam lithography and X-ray lithography [15, 16]. 
 
Etching is essentially a pattern transferring process, since it removes excess structural 
materials based on the patterns predefined by lithography. There are two different kinds 
of etching processes - wet etching and dry etching, which are classified by the physical 
state of the etchant [17]. Wet etching normally occurs in a chemical solution, while dry 
etching progresses with the help of reactive ions or a gaseous etchant. Compared to dry 
etching, wet etching is less expensive, easier to implement and has a higher etching speed. 





is advantageous in terms of machining accuracy, since the minimum achievable feature 
size is smaller than 100nm. Besides the excellent accuracy, dry etching also possesses 
good anisotropic directionality. Hence, features with high aspect ratios can be achieved. 
Dry etching is frequently used in silicon micromachining nowadays and is a critical step 
in most MEMS device fabrication processes. Typical dry etching processes include 
reactive ion etching (RIE) and deep reactive ion etching (DRIE). RIE removes the 
material to be etched using chemically reactive plasma, which is normally generated by 
an electromagnetic field in a high vacuum chamber [18]. RIE is essentially an isotropic 
etching process.  However, RIE can become highly anisotropic if a deposition step is 
inserted between two consecutive etching steps. This step deposits a layer of polymer so 
that the sidewalls of the structure are protected from being further attacked by plasma. 
With this technology, deep trenches of up to tens of microns can be achieved. Hence, it is 
usually referred to as deep reactive ion etching in this case.    
 
1.3 Challenges to MEMS Spectrometers 
 
MEMS spectrometers have been extensively reported in the literature. Among them, 
MEMS Fourier transform spectrometers (FTSs) take up a great proportion owing to the 
Jacquinot advantage and the Fellgett advantage. Generally speaking, MEMS FTSs are 
mainly based on Michelson interferometers (MIs) or lamellar grating interferometers 
(LGIs). For MI-based MEMS FTSs, beamsplitters or equivalent items are indispensable. 
As a result, it is necessary to integrate them into MI-based spectrometers. A previous 





[18], which makes the spectrometer models relatively large physically. Alternatively, 
some researchers have fabricated a beamsplitter using the structural material, which 
presents a very compact model but complicates the fabrication process [19]. In 
comparison, LGI-based spectrometers avoid the use of beamsplitters. Hence, they can be 
implemented with compact structures. In addition, the problem of the reflection to 
transmission ratio of beamsplitters changing with wavelength [20] can be thoroughly 
eliminated. Typical LGI-based spectrometer models are from Manzardo, Ataman and Yu 
[21-23]. Manzardo’s model possesses a small clear aperture and low light utilization 
efficiency due to the limited height and rugged surface of the gratings. Ataman proposed 
a different spectrometer model which has a large clear aperture and excellent light 
collecting capability [22]. However, the stability of the model is in doubt. Besides, the H-
shaped backbone may not be stiff enough to maintain a flat grating surface under large 
deflections. Yu’s spectrometer model is capable of bi-direction movement and allows 
double-sided interferograms to be recorded [23]. However, it needs the manual assembly 
of a micro-sized magnet on its platform, requiring a tedious micro-assembly operation 
and complicating the fabrication process.  
 
Based on the brief review of MEMS spectrometers, it can be concluded that lamellar 
grating interferometers are more compatible with silicon micromachining technology, 
since the trouble of incorporating external beamsplitters is eliminated. Hence, they are 
considered easier to be miniaturized for MEMS implementation. However, the structure 
design has yet to be refined to ensure good stability and excellent stiffness of the 





of improving the resolution of MEMS spectrometers still relies on the design of the 
actuator and suspension. Other mechanisms which can be employed to increase the 
resolution of MEMS spectrometers remain unknown. Therefore, it is highly desirable to 
develop a mechanism which can work independently or in conjunction with the actuator 
and suspension design to improve the resolution of MEMS spectrometers. 
 
1.4 Objectives of This Study 
 
As explained in the previous section, existing MEMS FTS models have various 
drawbacks which need to be improved, such as limited optical resolution, lack of stability 
and insufficient stiffness of the supporting structure. All these drawbacks will affect the 
performance of MEMS spectrometers, thus motivating this study to look into these 
specific problems and provide the corresponding solutions. Based on the highlighted 
research gaps, the specific research objectives of this study were: 
 
(1) to develop a MEMS FTS prototype with higher stability and a stiffer supporting 
structure to avoid the deformation of the light collecting components during operation;  
(2) to propose an innovative mechanism which can be used to enhance the resolution of 
existing spectrometer designs. 
 
The proposed MEMS FTS model has a compact structure, good operational stability and 
excellent optical resolution. Hence, it may be integrated into a portable handheld 





process specially developed to realize this model is very innovative, since it is capable of 
fabricating devices with two different layers of structures. This process may be extended 
to implement 3D MEMS devices in the future. To increase the resolution of the 
spectrometer model, a unique mechanism is adopted. In fact, it combines several low 
resolution spectrometers together to form a virtual spectrometer of high resolution. Its 
resolution is determined by the resolution of the individual spectrometer and the number 
of spectrometers involved. This concept could be employed by other MEMS devices to 
enhance their performance, which is normally limited by the dimensions of the devices.  
 
The reported MEMS FTS model is realized on a silicon-on-insulator (SOI) wafer using 
silicon micromachining technology. Therefore, single crystal silicon is the structure 
material for both the mechanical part and the optical part. Other materials can also be 
used to generate similar structures with the help of different machining techniques, but 
this is not central to this study. Besides the maximum optical path difference, the 
resolution of a spectrometer model is also dependent on the divergence angle of the 
incident light beam [24], which is affected by auxiliary optical components. However, 
this is beyond the scope of this study and will not be considered here. Another thing to 
note is that the mechanism targeting at resolution improvement is based on the 
combination of two LGI-based spectrometers, which have the same grating and actuator 
design. Hence, the mechanism and its corresponding algorithm are confined to the 
proposed spectrometer design together with their specific configurations. The 
combination of different spectrometer designs may also be possible but will not be 





1.5 Organization of the Thesis 
 
Chapter 1 is a general introduction to this thesis. It firstly introduces different types of 
spectrometers, followed by an overview of silicon micromachining technology with 
emphasis on the basic machining steps including deposition, patterning and etching. Then, 
the prevailing MEMS FTS spectrometer models reported in the literature will be 
selectively reviewed and their advantages and disadvantages will be summarized. Based 
on the review, the specific research gaps will be highlighted and the objectives of this 
study will be presented. At the end on this chapter, the major contribution and the scope 
of this study will be specified. 
 
Chapter 2 focuses on the review of existing MEMS Fourier transform spectrometers. The 
unique advantages of Fourier transform spectrometers, including the Jacquinot advantage, 
the Fellgett advantage and the Connes advantage, will be introduced in this chapter. In 
addition, the generation process of the interferograms and spectra will be briefly 
discussed. 
 
Chapter 3 presents a proposed lamellar grating based spectrometer model which moves 
step-by-step under electrostatic actuation. The working principle of lamellar grating 
based spectrometer will be illustrated beforehand. Then, the design and fabrication 
process of the proposed model will be discussed in detail. Lastly, the performance of the 






Chapter 4 puts emphasis on the resolution improvement of the fabricated spectrometer 
model. In order to improve the resolution of the proposed design, the spectrometer 
prototype is driven at its resonant frequency. However, under this actuation regime, the 
non-uniform sampling problem is introduced. Therefore, a reference laser has to be 
employed to reduce the sampling error. The effect of this approach on the reconstructed 
spectrum will be evaluated using simulation results. Following this, the structure design 
of the dynamic model is discussed in detail, while the electronic circuits design is 
described in Appendix A. Lastly, the model characterization process and experimental 
results will be provided to verify the resolution enhancement of the model under resonant 
scanning.  
 
Chapter 5 introduces a mechanism for improving the resolution of the proposed 
spectrometer model. Instead of altering the driving method, this mechanism involves two 
spectrometer models and combines the scanning range of each model using a correlation 
based algorithm. The cascade spectrometer model and the algorithm will be introduced in 
the first few sections of Chapter 5. Following that, experimental results will be shown to 
manifest the effectiveness of the mechanism in enhancing the resolution of MEMS 
Fourier transform spectrometers. 
 
Chapter 6 will summarize the major contributions of this study and will highlight the 
limitations of the present study. Moreover, future works which could potentially improve 







Chapter 2 Literature Review 
 
The previous chapter gives a general introduction to spectrometers and Fourier transform 
spectrometers (FTSs). In this chapter, more specific issues related to Fourier transform 
spectrometers are covered and discussed. It starts with introducing the generation process 
of interferogram and spectrum as well as the relationship between them, which is 
followed by presentation of the advantages of FTSs. MEMS spectrometer models 
particularly MEMS FTS models reported in literature are reviewed in detail and their 
pros and cons are critically evaluated.  
 
2.1 Interferogram and Spectrum 
 
To make the interferogram generation process easier to understand, a Michelson 
interferometer-based FTS is used to do the demonstration. As shown in Figure 2.1, the 
light beam coming from a monochromatic light source is divided into two parts at the 
beamsplitter which is partially reflective and partially transparent. One of them passes 
through the beamsplitter and goes to a fixed mirror. The other one is reflected by the 
beamsplitter and is directed to a movable mirror perpendicular to the fixed one. The 
movable mirror changes its position with respect to the beamsplitter so as to introduce a 
phase shift between the two parts of radiation. The light beams are later reflected back by 





and interfere with each other. The light intensity variation as a function of the phase shift 
or optical path difference (OPD) is recorded by a detector. The detected radiation consists 
of a constant component and a variable component. The variable component is usually 
called the interferogram [24] and its amplitude depends on the OPD introduced 
beforehand. When the OPD equals to zero (this means that the fixed mirror and movable 
mirror are equidistant from the beamsplitter), the two interfering light waves are in phase 
with each other and constructive interference happens. When the OPD equals to a half of 
the light source wavelength, the two interfering light waves are 180° out-of-phase, which 
leads to destructive interference. The constructive and destructive interference alternate 
every time the OPD changes by a half of the light wavelength. This continues until the 
movable mirror reaches its displacement limit.  
 
 





For monochromatic light source, the interferogram takes the following form 
𝐼(𝛿) = 𝐵0cos (2𝜋𝜎0𝛿)                                               (2.1) 
where 𝛿 , 𝐵0  and 𝜎0  refer to optical path difference, spectral component power and 
wavenumber of the incident radiation, respectively. If the radiation has a continuous 
spectrum, the interferogram can be generalized using the following equation 
𝐼(𝛿) = ∫ 𝐵(𝜎)cos (2𝜋𝜎𝛿)𝑑𝜎+∞−∞                                      (2.2) 
The Wiener-Khinchin theorem relates the interferogram to its corresponding spectrum 
through a Fourier transform operation [3], 
𝐵(𝜎) = ∫ 𝐼(𝛿)cos (2𝜋𝜎𝛿)𝑑𝛿+∞−∞                                      (2.3) 
From the above equation, it can be seen that the spectrum of a radiation source can be 
obtained by making a Fourier transform operation to its interferogram. This is the 
theoretical proof for Fourier transform spectrometers. 
 
The resolution of Fourier transform spectrometer is proved to be inversely proportional to 
the maximum achievable OPD [24]. It can be approximated as [24] 
∆𝜆 = 𝜆2
𝛿𝑚𝑎𝑥
                                                       (2.4) 
where ∆𝜆  denotes the resolution value. λ and 𝛿𝑚𝑎𝑥  stands for the wavelength of the 





In theory, infinitely high resolution spectrum is achievable as long as the OPD is 
infinitely large. However, it is practically impossible to scan the movable mirror to 
infinity. Consequently, finite OPD puts a limit on the achievable resolution, which is also 
a finite value. After understanding that FTSs actually have finite resolutions, another 
issue which needs to be addressed is the data acquisition of interferogram. Likewise, it is 
impractical to record the interferogam at infinitesimal increments of OPD. Instead, one 
should use appropriate sampling steps, which is given by the Nyquist Criterion, to 
acquire the interferogram data. The criterion says “any waveform as a sinusoidal function 
of time or distance will be sampled unambiguously by making the sampling frequency 
larger than or equal to twice the highest frequency in the bandwidth” [25]. This means 
that, in order to avoid loss of information, the sampling steps should be smaller than or 
equal to half the shortest wavelength contained in a radiation source.  
 
2.2 Characteristics of Fourier Transform Spectrometers 
 
As indicated previously, Fourier transform spectrometers can perform high accuracy and 
high signal-to-noise ratio (SNR) spectrum measurements, which distinguishes FTSs from 
other types of spectrometers. The excellent performance of FTSs can be accounted for by 
their three unique advantages, i.e., the Jacquinot advantage, the Fellgett advantage and 
the Connes advantage.  
 
The Jacquinot advantage ensures that Fourier transform spectrometers have much higher 





because that Fourier transform spectrometers have less attenuation to the radiation power, 
while dispersive spectrometers allow only a portion of the radiation to be measured at a 
time, thus reducing the radiation intensity significantly. Hence, FTSs observe maximum 
amount of light from the source during measurement process, which greatly contributes 
to the high signal-to-noise ratio. 
 
The Fellgett advantage has a great impact on signal-to-noise ratio when considering 
measurement time. It is also referred to as the multiplex advantage, since all radiation 
components are observed simultaneously [4].This advantage ascribes to the fact that, as 
long as the experiment is going, the whole radiation is being measured. As for dispersive 
spectrometers, each spectral element is detected sequentially for a specific time interval 
which adds up to give the total experiment time [4]. A direct effect of the Fellgett 
advantage is that FTSs can shorten measurement time effectively, so more scans can be 
done in a fixed time period. Moreover, it has been proved that for a constant resolution, 
the SNR of a spectrum is related to the number of scans by the following equation [26], 
𝑆𝑁𝑅 ∝ 𝑀1/2                                                    (2.5) 
The equation indicates that the SNR of FTSs can be improved by taking multiple scans, 
which further enhances the performance of FTSs. 
 
 The Connes advantage arises from the fact that FTSs can employ a visible laser, 
normally a He-Ne laser, as an internal wavelength reference [27]. During operation, the 





sampling of the incident radiation. As the wavelength of He-Ne laser is precisely known 
and is very consistent, it provides an excellent wavelength calibration standard for the 
spectrum. As a result, this leads to accurate capture of the spectral information in the 
detected radiation.  
 
 2.3 Review of MEMS Spectrometers 
 
MEMS spectrometers, due to the excellent portability and strong competitiveness in cost, 
have attracted a lot of attention recently. Up to date, numerous MEMS spectrometer 
models have been reported in the literature, including MEMS grating spectrometers, 
MEMS Fabry-Perot spectrometers and MEMS Fourier transform spectrometers. All of 
them are covered in this review section. The review proceeds by first discussing MEMS 
grating spectrometers and MEMS Fabry-Perot spectrometer. After this, the review 
continues with emphasis on MEMS Fourier transform spectrometers. 
 
2.3.1 MEMS Grating Spectrometers 
 
Grating spectrometers are suitable for miniaturization using MEMS technology. 
Therefore, MEMS grating spectrometer models and concept designs are extensively 
reported [28-31] and are typically configured using the following two approaches. The 
gratings are usually fixed in the first approach. As shown in Figure 2.2 (a), the incident 
light transmitted through the grating fabricated on the top wafer and was diffracted into 





detector array for measurement by the mirror quality surfaces of the bottom wafer [28]. 
One advantage of this model is that it can monitor all spectral components 
simultaneously. However, pre-calibration is required to cancel out the frequency shift 
introduced by the fabrication tolerance of the reflecting mirror surfaces. A similar design 
(Figure 2.2 (b)) tried to tackle this problem. It realized the diffraction grating on a 
double-side polished silicon wafer through aluminum metallization [29]. The incident 
infrared radiation was first dispersed by the aluminum grating. After that, the dispersed 
wave components directly passed through the silicon wafer and hit the thermopiles 
located on the bottom substrate. This configuration avoids multiple reflections of the 
incident radiation, which in turn eliminates the frequency shift due to the scattering of 
light from the fabricated reflecting surfaces. Considering the optical properties of 
crystalline silicon, this design can be used only for measuring infrared radiation, which is 
an obvious disadvantage of this model. Besides the two models based on silicon, it was 
proposed to integrate grating structures on a convex lens or a glass wafer. As shown in 
Figure 2.2 (c), a blazed grating made of UV-curable resin was patterned on a convex lens 
by nano-imprinting technology [30]. The input light was diffracted by the blazed grating 
and is projected to a dedicated image sensor by the convex lens. Since its focal length is 
very small, this results in a spectrometer with a shockingly small size of 
28mm×17mm×13mm [31]. This model could be potentially incorporated into other 
equipments as the optical sensing element. Similar to this design, aberration-correcting 
grating was introduced to modulate the incident radiation. As shown in Figure 2.2 (d), the 
input fiber emitted a light beam on an aberration-grating where it was dispersed into the 





coupled device (CCD) for spectrum decoding by an external spherical mirror. The use of 
aberration-correcting grating gives this spectrometer model better optical performance 
compared to other diffraction grating based MEMS spectrometers. This is quite 
innovative in the implementation of MEMS grating spectrometers. However, the 
resolution of the model is limited by the aberration of the spherical mirror within a 
confined volume, which cannot be compensated through grating design.  
 
 
Figure 2.2 Schematic of fixed grating MEMS spectrometers [28-31] 
 
The second approach uses the conventional configuration to implement MEMS grating 
spectrometers (see Figure 2.3). In this configuration, the incident light passed through an 
entrance aperture and was modulated by a collimator. After collimation, the light was 





different lateral displacements of the spectral components. Thus, they could be projected 
by a focusing collector on an exit aperture with the focusing points spaced apart. By 
adjusting the aperture size, only a small portion of the spectral components could travel 
through the exit aperture and reach the detector. In order to measure all the radiation 
components, the MEMS grating was rotated so that all the components could go out of 
the exit aperture. This was achieved by electrostatically driving the grating plate which 
was bonded to the grating. The simple layout of this model simplifies the fabrication 
process and improves the device yield, but the low optical throughput limits its 
application within low resolution spectrum measurements. Similar designs [33, 34] used 
electrostatic comb drive actuators to tune the diffraction gratings after going through 
assembly processes. These assembly processes are very complicated and require 
expertise in micro-assembly, which potentially increases the risk of device failure.   
 
 
Figure 2.3 Schematic of a scanning grating MEMS spectrometer [32] 
 
In summary, grating spectrometers could be easily implemented using MEMS technology. 





and lack of wavelength accuracy, put a limit on their optical performance and restrict 
their applications. Therefore, a micro-spectrometer design which can eliminate the 
problems introduced by dispersive gratings needs to be further considered.   
 
2.3.2 MEMS Fabry-Perot Spectrometers 
 
MEMS Fabry-Perot spectrometers have been proposed in several publications. A simple 
method to realize Fabry-Perot spectrometers is using wafer bonding techniques [35-40]. 
A typical prototype is shown in Figure 2.4, which bonded two pre-patterned silicon 
wafers together to form a Fabry-Perot cavity between two dielectric mirrors [35]. The 
cavity width could be tuned by applying voltage to the electrodes. Therefore, different 
spectral components could transmit through the resonance cavity. The advantage of this 
model is rooted in its simple design and high resolving power. Nevertheless, high voltage 
is required to reduce the gap by a reasonably large distance if the model is intended to 
work over a large spectral range. This increases the pull-in risk of the actuators and 
deteriorates the stability of the model. In addition, it is a great challenge to keep a good 
parallelism between the pair of mirrors.  
 
Besides wafer bonding, it was proposed to realize Fabry-Perot cavity on a single wafer 
through etching or deposition [41-43]. One previous design used a (110) silicon wafer to 
fabricate the Fabry-Perot cavity. Due to the anisotropic etching of silicon in KOH 
solution, two vertical mirrors were formed in the (111) crystalline direction (Figure 2.5). 





modulate the incident light. Although this design takes a very straightforward way to 
implement a Fabry-Perot spectrometer, it has rigorous requirements on the fabrication 
process. A small misalignment between the mask and the crystalline direction of the 
wafer can generate step features on the vertical mirror surfaces, which leads to poor 
fineness of the resonance cavity and reduces the resolution of the model. A newly 
reported model used the same way to demonstrate a MEMS Fabry-Perot spectrometer 
[42]. It constructed the resonance cavity using a cleaved fiber and a vertical silicon 
micromirror which was patterned by deep reactive ion etching (DRIE) (Figure 2.6). The 
cavity width was manually adjusted by moving the fiber towards or away from the 
vertical mirror, which, therefore, imposes a limit on the achievable resolution. The poor 
surface roughness of the cleaved fiber facet and the micromirror also accounts for the 
limited resolution of this model. Instead of etching, deposition was also employed to 
fabricate MEMS Fabry-Perot spectrometers [43]. As shown in Figure 2.7, mirror 1 was 
located on the top surface of a silicon wafer, while mirror 2 was suspended with its 
surface parallel to mirror 1. These two mirrors formed the Fabry-Perot cavity which was 
used to filter the infrared radiation. Both mirrors were made from poly silicon which was 
deposited in separate deposition steps and was heavily doped to reduce the dielectric 
permittivity. As a consequence, the actuation voltage could be lowered while achieving 
the same tuning range. In addition, the cavity width of this model could be actively 
controlled and is much smaller than that of the Fabry-Perot cavity realized by wafer-to-
wafer bonding. This also helps reduce the required actuation voltage. One drawback of 
this design is that the induced stress during deposition may deform the mirrors, which 







Figure 2.4 Schematic of a microfabricated Fabry-Perot spectrometer realized by wafer-to-
wafer bonding [35] 
 
 








Figure 2.6 SEM photograph of a MEMS Fabry-Perot spectrometer constructed by a fiber 
and a vertical mirror [42] 
 
 
Figure 2.7 Schematic of a Fabry-Perot spectrometer fabricated by surface micro-
machining [43] 
 
From the review, it can be inferred that MEMS Fabry-Perot spectrometers are normally 
equipped with high resolving ability. However, it is still very challenging to maintain the 
parallelism between the mirrors which form the resonance cavity. In addition, suitable 
tuning mechanisms which change the gaps of the cavities are worth further investigation. 
Compared with Fourier transform spectrometers which measure all the spectral 





within a small spectral range each time. This is responsible for the relatively low signal-
to-noise ratio of Fabry-Perot spectrometers.  
 
2.3.3 MEMS Fourier Transform Spectrometers 
 
MEMS Fourier transform spectrometers have been successfully implemented in recent 
decades. According to the working principles, they can be roughly categorized as 
amplitude-dividing MEMS FTSs and wavefront-dividing MEMS FTSs [44]. Amplitude-
dividing MEMS FTSs split the incident radiation into two parts through a partial 
reflection and partial transmission device, such as a beamsplitter, and recombine them 
together to form interference patterns [45]. In contrast, wavefront-dividing MEMS FTSs 
make the incident radiation interfere with a spatially delayed version of itself [46]. Both 
spectrometer models reported previously are shown in the following sections. Besides, 
other typical MEMS FTS models are also covered. Based on the review of these models, 
specific research gaps will be highlighted and discussed.  
 
2.3.3.1 Amplitude-dividing MEMS FTSs 
 
Amplitude-dividing FTSs are quite common in MEMS domain. Up to now, several 
miniaturized FTS models have been demonstrated and most of them are based on 
Michelson interferometers. In a previous study, the moving mirror of the spectrometer 
model was patterned on the sidewall of a silicon-on-insulator (SOI) wafer by DRIE [47]. 





introduce optical path difference (OPD) between the moving mirror and an external 
reference mirror (Figure 2.8). Later, a spectrometer prototype whose moving mirror was 
defined on the top surface of a SOI wafer was reported [48]. Similarly, it also employed 
comb drive as the actuator and required an outsourced reference mirror to function 
properly (Figure 2.9). Comb drive actuators grant both models fairly large scanning 
ranges and very impressive spectral resolutions. However, both of them needed auxiliary 
optical components acting as reference mirrors to make the spectrometer models work. 
This implies that these models have to undergo assembly processes, which are normally 
tiring and time-consuming, before going into operations. Hence, this greatly restricts the 
use of these models. Meanwhile, extra space has to be provided to accommodate the 
auxiliary optical components, which makes the assembled devices large in volume and 
difficult to be implemented as well.  
 
 






Fig. 2.9 Microscope picture of a comb-drive actuated microspectrometer [48] 
 
To overcome this problem, it was proposed to incorporate both the movable mirrors and 
fixed mirrors of the FTS models on a single optical bench. A reported prototype 
integrated all required components including an optical beamsplitter on a FeNi coated 
substrate using LIGA technology [18] (Figure 2.10). The realized device was thus quite 
compact. Nevertheless, as highlighted by Wolffenbuttel, the detector has a limited 
bandwidth and restricts its usage to near infrared region [49]. Apart from that, a FTS 
model proposed in a recent study is even more superior in terms of compactness, since 
the mirrors, actuators as well as the beamsplitter were simultaneously defined on the 
device layer of a SOI wafer [19] (Figure 2.11). In this model, a silicon beam was 
patterned by DRIE and then coated with a thin layer of gold to serve as a beamsplitter 
after the protection structure was manually removed. This design has a promising future 
due to its small chip size and potential applications in lab-on-a-chip spectrum scanning. 
However, the beamsplitter, which is made of silicon, puts a limit on the used light source, 
since only infrared radiation can pass through it. In addition, the fabrication process of 
this novel beamsplitter is quite challenging due to the critical gold layer deposition 
process, because only a specific thickness of gold can give 50% reflection and 50% 
transmission of the incident radiation and all other values of gold thickness will degrade 






Figure 2.10 Experimental setup of a LIGA microspectrometer [17] 
 
 





Based on the above review, it is noticed that the Michelson interferometer based MEMS 
FTSs require beamsplitters or equivalent items to function properly, which either 
complicates the fabrication process or needs expertise in micro-assembly. In addition, as 
indicated by J. Bell, the reflection-to-transmission ratio of beamsplitters varies over 
wavelength when a broadband source is used [20]. As a result, light utilization efficiency 
as well as signal-to-noise ratio can be significantly affected if beamsplitters are not 
carefully selected, hence degrading the optical performance of these spectrometer models. 
Therefore, different spectrometer designs which can alleviate or even totally eliminate the 
problem of non-constant reflection-to-transmission ratio are worth further investigation. 
 
2.3.3.2 Wavefront-dividing MEMS FTS 
 
Besides amplitude-dividing MEMS FTSs, wavefront-dividing FTSs are also widely 
realized using MEMS technology in recent years and they are generally in the form of 
lamellar grating interferometers (LGIs). Manzardo reported a miniaturized FTS model 
which realized the lamellar grating facets on the lateral surface of the device layer of a 
SOI wafer [21]. The movable grating facets were connected to the comb drive actuators 
which provided the driving force for the in-plane motion of the grating (Figure 2.12). 
This design avoided the use of a beamsplitter, which is a big step forward in 
implementing MEMS FTSs. However, the rough surface and the limited height of the 
grating structure impose constraints on the light collecting efficiency and accordingly 
affect the optical performance of the model. In order to enhance the light collecting 





actuators, which at the same time served as the movable grating facets [22]. This 
prototype alternatively used the top surface of the device layer of a SOI wafer as the 
grating’s reflecting surface (Figure 2.13), thus improving the light utilization efficiency. 
However, an obvious drawback of this design is its inadequate stability. Considering the 
5µm gaps between comb fingers and 28V driving voltage, pull-in phenomenon is very 
prone to happen if there are perturbations from the environment. Moreover, the stiffness 
of the H-shaped structure is worth questioning. It may not be able to guarantee the grating 
structure a good enough flatness when the prototype undergoes large deflections.  
 
 
Figure 2.12 SEM photograph of a MEMS LGI-based spectrometer [21] 
 
 





The two models mentioned above were operated in their resonant modes, while Chau 
demonstrated a static LGI-based spectrometer model in a recent publication. In Chau’s 
model, one set of grating facets was tilted relative to the other set and was locked in 
position by mechanical latching structures [50] (Figure 2.14). This configuration 
introduced a varying optical path difference along the length direction of the facets and 
allowed interference pattern to be generated. This model is highly advantageous in that it 
is capable of transient spectrum measurement and is applicable in a variety of 
measurement scenarios.  
 
Apart from this model, Yu proposed a MEMS spectrometer prototype which was driven 
by an external electromagnetic actuator. A micro-sized magnet was manually attached to 
the central platform of the model [23] (Figure 2.15). This small magnet interacted with 
the electromagnet placed underneath the platform upon actuation, which resulted in the 
out-of-plane motion of the central platform as well as the movable grating facets 
protruding from it so as to introduce an optical path difference. This prototype is capable 
of bi-direction movement. Therefore, it can acquire double-sided interferogram which 
does not need to locate the zero OPD exactly during Fourier transform operations. This 
simplifies the data processing process. Nevertheless, the prototype has to undergo micro-
assembly process, which is tedious and requires precise control of the relative position of 
the spectrometer prototype and the magnet. This complicates the fabrication process and 
leads to a rather low yield of devices. Besides, it requires an external electromagnet to 







Figure 2.14 SEM photograph of a stationary LGI-based microspectroemter [50] 
 
 
Figure 2.15 SEM photograph of an electromagnetically driven spectrometer [23] 
 
From the review of wavefront-dividing MEMS FTS models, it is found that LGI-based 
MEMS FTSs avoid the use of beamsplitters, which makes the implemented devices 





transmission ratio of beamsplitters encountered by MI-based MEMS FTSs. Even so, 
various problems still exist. Structure design has yet to be refined to ensure good 
reliability and excellent stiffness of MEMS spectrometer models. The resolutions of 
MEMS FTS models are limited by the small travel ranges of micro-scaled actuators. 
Therefore, additional efforts should be made to improve the resolution of MEMS FTS 
models.   
 
2.3.3.3 Other MEMS FTS Models 
 
Apart from the two prevailing types of MEMS Fourier transform spectrometer described 
earlier, other typical MEMS FTS models include MEMS standing-wave spectrometers 
[51-53], MEMS slow light spectrometers [54] and MEMS Mach Zehnder spectrometers 
[55-58]. Although these models are not as popular as amplitude-dividing spectrometers 
and wavefront-dividing spectrometers, they are important constituent members of MEMS 
Fourier transform spectrometers.  
 
Figure 2.16 depicts the configuration of a MEMS standing-wave spectrometer. This 
model consisted of a partially transparent thin film detector and a micromirror which is 
electrostatically actuated to change its position with respect to the detector. The normally 
incident light wave and the light wave reflected from the micromirror formed a standing 
wave pattern. As the micromirror moves, the resultant light intensity at the detector varies 
accordingly. Similar to Michelson interferometers, the amplitude of the light intensity is 





eliminates the need of a beamsplitter but preserves the advantages occupied by Michelson 
interferometers, which leads to compact device structure. Nevertheless, the minimum gap 
between the detector and the micromirror determines the lowest coherence length of light 
source. This means that only sharp spectral features can be measured, thus putting a harsh 
limit on the light source used. 
 
 
Figure 2.16 Schematic of a standing wave microspectrometer [52] 
 
Another innovative design to implement MEMS FTS is a slow-light spectrometer (Figure 
2.17). This design used the typical configuration of a Michelson interferometer. However, 
unlike Michelson interferometers, both of the reflecting mirrors were fixed. The optical 
path difference was achieved by pumping slow light medium into one optical path instead 
of displacing one of the mirrors. Experimental results showed that the resolution of this 





physical size. Besides, the spectral noise introduced by mirror motion could be 
thoroughly avoided. This makes the model very competitive and it could be potentially 
applied to perform high resolution spectrum measurements. The only concern is that how 
to control the slow-light medium appropriately to tune the optical path difference in a 
desired way.  
 
 
Figure 2.17 Schematic of a slow-light microspectrometer [54] 
 
MEMS Mach Zehnder spectrometers have also been demonstrated in several publications 
[55-58]. As shown in Figure 2.18, the model was realized on a SOI wafer by DRIE 
process. The infrared radiation was made incident on the vertical surface S1, where it was 
split into two parts. One of them went through a multiple reflections by metalized mirrors 
(M1 and M2). The other part traveled inside the silicon structure and combined with the 
multi-reflected radiation at surface S2. The recombined radiation was output by an 
optical fiber to the specified detector for measurement. The optical path difference 
between the two parts of radiation could be changed by actuating the mirrors (M1 and 





the displacement of the actuator. Hence, the resolution of this model is √2 times better 
than that of a Michelson interferometer with the same travel range of the actuator. 
Moreover, the model is free of alignment error, since no external components are 
required in this prototype.  However, it is noticed that the model is only applicable for 
infrared radiation, which limits its scope of application.  
 
 
Figure 2.18 SEM photograph of a MEMS Mach Zehnder spectrometer model [58] 
 
The advantages and disadvantages of the MEMS spectrometer models reviewed above 
are summarized in Table I. They are categorized as MEMS dispersive spectrometers 
(MEMS grating spectrometers) and MEMS non-dispersive spectrometers (MEMS Fabry-












Table I Advantages and disadvantages of the reported MEMS spectrometer models 






process, easy to 
implement 
Low optical throughput, lack of 









Difficult to maintain the 
mirrors’ parallelism, low sigal-






Beamsplitters required to work 
properly, performance 








Limited reliability, resolution 
restricted by the small travel 
ranges of actuators  
Other types of FTS Better optical resolution 
Rigorous requirements on 




This chapter makes a comprehensive review of MEMS spectrometers reported in the 
literature. After evaluating the advantages and disadvantages of various MEMS 
spectrometers, it is found that wavefront-dividing FTS is more favorable in MEMS 
domain due to its high light utilization efficiency, compact device layout and simple 
fabrication process. Therefore, this study concentrates on the design and fabrication of a 
lamellar grating based MEMS Fourier transform spectrometer. Based on the research 
gaps highlighted before, lots of efforts are made to the mechanical structure design and 
the resolution enhancement of the proposed spectrometer prototype. The details regarding 








Chapter 3 Lamellar Grating Based Spectrometer with 
Step-by-step Scanning  
 
This chapter gives a detailed description of the proposed lamellar grating based 
spectrometer model. Firstly, the working principle of LGI-based spectrometers is briefly 
introduced. Secondly, the design and fabrication process of the model are described. Last 
but not least, the experimental results are presented and the performance of the device is 
discussed. 
 
3.1 Working Principle of LGI-based Spectrometers 
 
A lamellar grating based spectrometer can be simply treated as two sets of strip mirrors -
the front facets and the back facets, as shown in Figure 3.1. Each grating facet can be 
considered as a rectangular aperture for the incident radiation. As a result, the 
spectrometer comprises a linear array of identical apertures. The wave amplitude 
diffracted by the front facets is given by [20] 
𝐸𝑓𝑟𝑜𝑛𝑡 = 𝐸𝑠𝐹0                                                     (3.1) 
where 𝐸𝑠  is the diffracted wave amplitude for a single facet and 𝐹0  denotes the 





For a slit of width a/2 under normal incidence, the diffracted wave amplitude at a given 
diffraction angle α can be expressed using the following equation [19] 
𝐸𝑠 ∝
sin [(𝜋𝑎 sin𝛼)/2𝜆]
𝜋𝑎 sin𝛼/2𝜆                                                 (3.2) 
For an array of N facets with an adjacent distance of a, 𝐹0 is given by [19] 
𝐹0 = sin [(𝑁𝜋𝑎 sin𝛼)/𝜆]sin [𝜋𝑎 sin𝛼)/𝜆] exp �−𝑖 (𝑁−1)𝜋𝑎 sin𝛼𝜆 �                             (3.3)  
 
 
Figure 3.1 Optical diagram of the lamellar grating with light of wavelength 𝝀 incident 
normally on the grating surface and diffracted at an angle 𝜶. The width of the slit is a and 
the depth of the grating is d [19]. 
 
Considering that the back facets are identical to the front facets, the corresponding wave 
amplitude thus takes a similar form with the only difference in the phase. Therefore, the 
resultant wave amplitude is obtained as the following [19] 










The phase difference 𝜑  is related to the optical path difference (OPD) 𝛿  by the 
equation [19] 
𝜑 = 2𝜋𝛿 𝜆⁄ = (2𝜋𝑑 𝜆⁄ )[(1 + cos𝛼) + (𝑎/2𝑑) sin𝛼]                    (3.5) 
Substituting equation (3.5) into equation (3.4), the total wave amplitude diffracted from 
the lamellar grating is given by [19] 
𝐸 ∝
sin[(𝜋𝑎 sin𝛼) 2𝜆]⁄(𝜋𝑎 sin𝛼) 2𝜆⁄ sin[(𝑁𝜋𝑎 sin𝛼) 𝜆]⁄sin[(𝜋𝑎 sin𝛼) 𝜆]⁄ (1 + 𝑒𝑖𝜑)𝑒−𝑖𝜑𝑁                     (3.6) 
where 
𝜑𝑁 ≡ [(𝑁 − 1)𝜋𝑎 sin𝛼] 𝜆⁄                                           (3.7) 
So, the lamellar grating illumination is [19] 
𝐼 ∝ 𝐸𝐸∗ ∝ �
sin[(𝜋𝑎 sin𝛼) 2𝜆]⁄(𝜋𝑎 sin𝛼) 2𝜆⁄ �2 �sin[(𝑁𝜋𝑎 sin𝛼) 𝜆]⁄sin[(𝜋𝑎 sin𝛼) 𝜆]⁄ �2 cos2 �𝜑2�                (3.8) 
The first term in equation (3.8) represents the effect of a single facet; the second term 
refers to the contribution from the array of N identical facets; and the third term accounts 
for the phase difference between the waves diffracted from the front and back facets.  
 
According to the grating equation (𝑚𝜆 = 𝑎 sin𝛼), the phase difference 𝜑 can be further 
derived as [19] 
𝜑 2 = [(𝜋𝑚 2⁄ ) + (𝜋𝑑 𝜆⁄ )(1 + cos𝛼)]⁄                             (3.9) 
where m is the diffraction order. For the zeroth diffraction order (m=0), the resultant 





𝐼(𝛿) ∝ 𝑁2 cos2(2𝜋𝑑 𝜆⁄ ) ∝ cos2(𝜋𝜎𝛿) = 1
2
[1 + cos(2𝜋𝜎𝛿)]              (3.10) 
The variable component in equation (3.10) is the interferogram, which is in accordance 
with the one stated in Chapter 2. It can be further processed to retrieve the spectrum by 
carrying out a Fourier transform operation.   
 
3.2 Introduction to the Proposed Spectrometer Design 
 
The proposed spectrometer model, shown in Figure 3.2, is realized on a silicon-on-
insulator (SOI) wafer and is electrostatically driven by parallel plate actuators. Compared 
to previously reported prototypes, the distinguishing feature of this design is a layout in 
which the grating and supporting springs have different thicknesses. The design 
comprises a square honey-combed platform and eight supporting springs, two at each 
corner of the platform. Two sets of gratings are symmetrically arranged along the sides of 
the platform. The springs, which provide the mechanical restoring force, have a smaller 
thickness. As a result, they are effectively softened, which helps reduce the required 
driving voltage. The central platform takes the form of a semi-through honey-combed 
structure, thus reducing its mass by about 40% while maintaining its rigidity. Besides, it 
acts as the upper electrode of the parallel plate actuators. Underneath it, there is another 
electrode. When voltage is applied, the electrostatic force between the two electrodes 
displaces the platform downwards from its equilibrium position. This in turn causes the 
movable gratings protruding from the platform to move out-of-plane with respect to the 
fixed ones. Hence, an optical path difference is introduced between the wave diffracted 





which interference will occur if a light beam is made incident on the lamellar grating 
structure. A detector records the variation of light intensity and paves the way for 
reconstructing the spectrum. The grating has a clear aperture size of 1.75mm×1.25mm, so 
that sufficient light power can be detected. This results in a high signal-to-noise ratio 
spectrum measurement when the device is used to perform the measurement. The specific 
dimensions of each part are listed in Table II.   
 
 
Figure 3.2 Schematic of the proposed spectrometer model 
 






3.3 Fabrication Process 
 
Fabrication is a very important part of this research project. The level of success of 
fabrication is directly related to the performance of the proposed model, since the device 
dimensions are determined during the fabrication process. The device fabrication is 
conducted at the Institute of Materials Research and Engineering (IMRE), Agency for 
Science, Technology and Research (A*STAR), Singapore. A lot of effort has been made 
to develop this fabrication process to ensure all the design parameters can be achieved 
and at the same time the device yield is high. The detailed process flow shown in Figure 
3.3 has nine fabrication steps in total.  
 
 
Figure 3.3 Fabrication process flow of the proposed spectrometer model (a) Sample 
preparation-grinding and RCA clean (b) First oxide deposition (c) Pattern transfer to 
oxide layer (d) First DRIE of the device layer (e) Second oxide deposition (f) Removal of 
oxide on the top surface by RIE (g) Second DRIE-spring thinning process (h) Backside 





(a) The fabrication process starts with the grinding of the substrate of a silicon-on-
insulator (SOI) wafer to a thickness of about 200μm. The purpose of this step is to 
reduce the gap between the two driving electrodes, so that the input voltage can be 
lowered while the displacement of the device remains the same. Following that, a 
standard RCA clean process is performed to remove the organic and metallic 
contaminants from the SOI wafer surface.  
(b) A layer of silicon dioxide of about 1μm thick is deposited on both sides of the wafer 
through thermal oxidation. This is obtained by putting the SOI wafer in a high-
temperature furnace at 1000°C. This oxide layer defines the honey-comb structure of 
the central platform as well as the trenches that accommodate the serpentine springs.  
(c) Part of the oxide on the device layer is firstly etched using reactive ion etching (RIE). 
The remaining oxide serves as a delay mask to help reduce the thickness of the 
serpentine springs in a subsequent process. During the RIE process, CHF3 is the 
dominant etchant which chemically reacts with the silicon dioxide, because it can 
generate more fluorocarbon polymers to accelerate anisotropic etching.  
(d) A 1.5μm thick photoresist layer is coated onto the pre-etched surface, which is 
realized by spinning the wafer with drops of positive resist (AZ5214) at a speed of 
2000rpm for 30s. The resist layer is patterned by the subsequent lithography process 
to define the lamellar grating and serpentine springs. With the help of the patterned 
photoresist which plays the role of a hard mask, the predefined features are etched up 
to the buried oxide layer of the SOI wafer using deep reactive ion etching (DRIE). 
This etching process consists of two alternating steps to achieve high aspect ratio 





polymer which is deposited on the structures being etched to protect the sidewalls. 
The second step uses SF6 to release free radical fluorine for silicon etching. Due to 
the protection step, this etching process can guarantee smooth sidewalls of the grating 
structure.  
(e) The photoresist and the polymer deposited in DRIE are removed by rinsing the wafer 
in piranha solution first and performing the RCA clean after that. The processed 
wafer is sent for another oxide deposition process in order to protect the springs. This 
step is the preparation for the DRIE thinning process which reduces the thickness of 
the mechanical springs.  
(f) The 300nm thick protective oxide on the top surface is selectively removed using RIE. 
As a consequence, the oxide left on the lateral surface can protect the mechanical 
springs in the DRIE thinning process.  
(g) The spring thickness is reduced to a desired value (about 20µm) from an original 
value of 75µm and the honey-comb structure is realized at the same time. At this step, 
all the designed mechanical parts are patterned.  
(h) The back-side DRIE process is finished and the SOI wafer is dipped into diluted 
Hydrofluoric (HF) acid solution for release. The release process removes the buried 
oxide of the SOI wafer and residual oxide on the structures, which enables the 
mobility of the platform. 
(i) A thin layer of gold is coated on the device layer of the SOI wafer to increase the 
reflectivity of the lamellar grating. After dicing the wafer into small chips, a working 





fabricated device is ready for testing, which will be described in the following 
sections. 
 
The most critical step of the whole fabrication process is step (e), which ensures that the 
serpentine springs survive the thinning process. Without the protective oxide, the springs 
can be easily broken due to the well-known notching effect in SOI wafer based etching 
process [59-61]. Experimental results show that this method can effectively prevent the 
serpentine springs from being destroyed, hence enabling the successful implementation 
of the proposed spectrometer model. An SEM picture of the fabricated device is shown in 
Figure 3.4 and the detailed features of the central platform, the honey-comb structure and 
the springs are shown in Figure 3.5.   
 
 
Figure 3.4 SEM picture of the fabricated device 






Figure 3.5 Enlarged view showing the platform, springs and honey-comb structure of the 
proposed spectrometer mode 
 
3.4 Experimental results 
 
The device testing process comprises three basic steps, namely characterization, data 
acquisition and analysis. The characterization step mainly targets at the determination of  
the relationship between the input voltage and the displacement of the spectrometer’s 
platform. This is achieved by using an optical profilometer manufactured by Zygo Inc. to 
monitor the deflection of the platform under different input voltages. The detailed layout 
of the profilometer is shown in Figure 3.6. After that, an optical setup is built with two 
lasers as the incident radiation to evaluate the resolving ability of the proposed 
spectrometer model. The interferogram data are collected during this step with a data 





step, a Fourier transform operation is applied to the acquired interferogram data, so that 
the spectrum of the incident radiation can be reconstructed and the performance of the 
fabricated device can be evaluated.  
 
 
Figure 3.6 Photograph of the Zygo optical profilometer  
 
The displacement of the platform under actuation is firstly measured using the Zygo 
optical profilometer when the input voltage to the spectrometer is varied from 0V to 
200V with 10V intervals (see Figure 3.7). An initial offset of the platform (of about 
3.2μm) is observed and the displacement at 200V is measured as 27.62μm. The software 
interface of the profilometer is shown in Figure 3.8, indicating the displacement of the 
platform at 200V. Based on the measured data, other displacement values corresponding 
to specific input voltages are then interpolated. During the testing process, the input 
voltage is applied from 0V to 200V with a constant incremental step of 0.16V, which is 
achieved by combining a voltage amplifier with the DAQ system. The DAQ system 





7833R). PXI-6120 has a maximum sampling rate of 800 kS/s and is used for the data 
collection in this experiment. 
 
 
Figure 3.7 Displacement of the platform versus applied voltage 
 
 





A customized optical setup is built to test the optical performance of the device. As 
shown in Figure 3.9, two light beams, one from a laser diode (𝛌 = 𝟔𝟑𝟕.𝟐𝐧𝐦) and the 
other from a diode-pumped solid-state (DPSS) laser (𝛌 = 𝟓𝟑𝟐.𝟎𝐧𝐦), are coupled into a 
single mode fiber (SMF) before passing through a collimator. The combined collimated 
laser beam then goes through a focusing lens and a beam-splitter and is made incident on 
the spectrometer prototype where the laser beam has a diameter of about 0.4mm and is 
diffracted into different orders. Among them, only the zeroth order is needed. The other 
orders are eliminated by adjusting the position and size of an iris diaphragm placed right 
before the detector. The output of the detector as a function of the light intensity is also 
recorded by the same DAQ system. One point that needs to be mentioned is that the 
spectrometer prototype must be placed within the depth of focus of the focusing lens, so 
that the light beam incident on the device can be considered as a collimated one.  
 
 






Figure 3.10 Recorded detector output with the displacement of the platform 
 
The spectrum calculation process starts with converting the input voltage at each step into 
the corresponding displacement of the platform using the calibration curve obtained 
earlier. The detector records the variation of the light intensity, which is the 
superimposition of two cosine waves (see Fig. 3.10). An interferogram is accordingly 
generated, relating the variation of the light intensity to the optical path differences 
introduced which are twice as large as the corresponding displacements of the platform. 
In order to minimize the effect of sampling error introduced in the data acquisition 
process, a complex Fourier Transform operation is then applied to the interferogram 
obtained, which generates a complex spectrum. The modulus of the complex spectrum is 
taken to retrieve the desired spectrum, which is shown in Figure 3.11. Two separate 
spectral peaks are observed in the retrieved spectrum. They are located at 530.5nm and 





(532nm and 637.2nm).  The detected full-width at half-maximum (FWHM) resolutions 
are 9.8nm at 532nm and 12.8nm at 637.2nm, which is in good agreement with the 
theoretical values (5.8nm at 532nm and 8.3nm at 637.2nm) calculated using equation 2.4.  
 
 
Figure 3.11 Reconstructed spectrum of the incident radiation source 
 
3.5 Discussion  
 
Experimental results show that the proposed spectrometer model exhibited impressive 
resolving ability and excellent wavelength accuracy in the visible wavelength range. The 
position error is less than 0.5% of the center wavelength. This is attributable to the novel 
design of the mechanical structure and the good layout of the lamellar gratings and 





reduced by grinding the substrate of the SOI wafer, which contributes to a low driving 
voltage for the proposed spectrometer model. Besides, the suspension springs are also 
effectively softened by the additional etching process as described in section 3.3. This 
helped further reduce the driving voltage required. Another contribution of this 
experiment was that the specially designed fabrication process was proven to be effective 
in protecting the features which needed to be thinned in the microfabrication process. 
Therefore, it could be extended to fabricate structures which have two different 
thicknesses.  
 
Regarding the spectrum generated by the fabricated device, it is observed that the 
retrieved spectrum displays unsymmetrical sidelobes around the main spectral peaks (see 
Figure 3.11), indicating that phase error exists in the acquired interferogram data. There 
are two primary reasons accounting for this. Firstly, the input voltage corresponding to 
each OPD value is interpolated using a polynomial equation. This will introduce a phase 
error, since the interpolation itself has a limited accuracy and the interpolated values 
depend on the polynomial equation to a large extent. Secondly, photodetector noise may 
also introduce phase error into the interferogram. It, together with the interpolation error, 
is responsible for the unsymmetrical spectral features contained in the spectrum.  
 
Although the model has acceptably good optical performance, it is acknowledged that its 
resolution is worse than those of other reported spectrometer models and the step-by-step 
driving method makes the data acquisition process time-consuming. In order to overcome 





mode, is taken next. This is expected to drastically shorten the data acquisition time and 
effectively increase the maximum displacement of the movable gratings. Hence, the 
performance of the device is expected to be improved significantly. This approach 
























Chapter 4 Resonant Scanning Spectrometer with a 
Reference Laser for Interferogram Sampling 
 
In this chapter, the fabricated spectrometer model is driven resonantly so as to improve 
its optical resolution. Since vibration of the model introduces non-uniform sampling of 
the interferogram, a reference laser is employed to help alleviate the problem. Firstly, the 
effect of non-uniform sampling on the reconstructed spectrum is investigated through 
simulation. Then, the device design process including mechanical design and electronic 
circuits design is introduced. Lastly, the experimental results are presented to 
demonstrate the extent of improvement of the performance of the model.  
 
4.1 Effect of Non-uniform Sampling on Retrieved Spectrum 
 
The resolution of the proposed spectrometer model is inversely proportional to the 
maximum achievable optical path difference (OPD) between the movable grating facets 
and the fixed grating facets. In order to obtain a large OPD with a relatively small driving 
voltage, it is preferable to operate the model at its resonant mode. Under this working 
condition, hundreds of interferograms can be acquired within one second, which greatly 
reduces measurement time. However, it is quite challenging to accurately sample the 
interferograms at constant OPD intervals due to the sinusoidal nature of the variation of 
the velocity of the vibrating platform. Non-uniform sampling of interferograms will 
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introduce spectral noise, or worse, fake spectral peaks into the reconstructed spectra [62-
68]. An algorithm was reported [22] to deal with this problem. Alternatively, this study 
tries to alleviate the non-uniform sampling by continuously monitoring the intensity of a 
reference laser. Specifically, a monochromatic diode-pumped solid-state (DPSS) laser 
(λ=0.532µm) is used in the sampling process, since it travels along the same optical path 
as the infrared (IR) radiation that is to be detected. The intensity of the DPSS laser is 
periodically varied with OPD and the laser signal is modulated by customized electronic 
circuits. The modulated laser signal is utilized to trigger the data acquisition of IR 
interferograms at intervals of 532nm, which is equivalent of one wavelength of the DPSS 
laser. This method is in principle insensitive to the speed variation. However, since there 
is always a time delay between the triggering and sampling operations, sampling errors as 
well as spectrum errors are therefore introduced.  
 
The theoretical basis of the technique to ease non-uniform sampling is given in the 
following. The movement of the platform can be characterized by the following equation, 
𝑟 = 2𝐴 sin 2𝜋𝑓𝑡                                                  (4.1) 
where r and A refer to the OPD introduced by the movement of the platform and the 
displacement amplitude of the platform, respectively. f is the resonant frequency of the 
model. Let 𝑟𝑛 and 𝑛𝑟0 denote the nth sampling position and the corresponding triggering 
position, respectively. Considering there exists a time delay ∆𝑡, the following equation 
holds 
𝑟𝑛 = 𝑛𝑟0 + ∫ 𝑣𝑑𝑡𝑡𝑛+∆𝑡𝑡𝑛                                             (4.2) 
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The second item on the right side of the equation represents the additional OPD 
introduced within the time interval ∆𝑡. So, 𝑟𝑛 can be expressed as 
𝑟𝑛 = 𝑛𝑟0 + 2𝐴 sin 2𝜋𝑓𝑡|𝑡𝑛𝑡𝑛+∆𝑡 = 𝑛𝑟0 + 2𝐴 sin 2𝜋𝑓(𝑡𝑛 + ∆𝑡) − 2𝐴 sin 2𝜋𝑓𝑡𝑛�����������������������
𝑠𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑒𝑟𝑟𝑜𝑟 ∆𝑟      (4.3) 
From the above equation, the sampling error can be derived as 
∆𝑟 = 𝑛𝑟0 cos 2𝜋𝑓∆𝑡 + �(2𝐴)2 − (𝑛𝑟0)2 sin 2𝜋𝑓∆𝑡 − 𝑛𝑟0             (4.4) 
The sampled interferogram containing sampling error is expressed as 
𝐼(𝑛𝑟0) = cos2𝜋𝜎(𝑛𝑟0 cos 2𝜋𝑓∆𝑡 + �(2𝐴)2 − (𝑛𝑟0)2 sin 2𝜋𝑓∆𝑡)       (4.5) 
To quantitatively evaluate the effects of time delay, a set of parameters close to those 
used in the experimental process, is introduced into a numerical simulation. It is assumed 
that the incident IR radiation is a monochromatic light (λ=1.55µm) and a DPSS laser 
(λ=0.532µm) is used as the reference. The resonant frequency of the device is taken as 
200Hz and the maximum OPD is 100µm. Using these parameters, the effects of time 
delay on the retrieved spectrum are studied in the next section. The simulation results are 
shown based on whether the time delay is taken as constant or randomly distributed.  
 
4.1.1 Effect of Constant Time Delay 
 
A constant time delay means that the time intervals between every triggering and the 
subsequent sampling operation are exactly the same. Assuming that ∆𝑡 ranges from 0 to 
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500ns, its effect on the retrieved spectrum is plotted in Figure 4.1. It can be seen that the 
spectrum becomes more and more unsymmetrical with the increase of time delay, which 
is reflected by the amplitude change of the side lobes around the central peak. The side 
lobe on the right of the maximum has increasing amplitude as ∆𝑡 increases, whereas the 
one on the other side goes in an opposite way. Meanwhile, the spectral maximum is 
slightly shifted towards the shorter wavelength region. By changing the value of ∆𝑡, it is 
found that the frequency shift is less than 1nm when ∆𝑡 is smaller than 500ns.  
 
The simulation results indicate that a constant time delay (less than 500ns) has limited 
impact on the wavelength accuracy of the spectrometer model. However, it worsens the 
signal to noise ratio of the retrieved spectra. What is worse, a fake spectral peak may be 





Figure 4.1 Spectral shapes under constant time delays 
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4.1.2 Effect of Random Time Delay 
 
In practice, the time delay introduced by electronic circuits is random and can be 
described by a Gaussian function. Since a Gaussian function can be fully described by the 
mean and the standard deviation, the simulation work consists of two cohesive steps. In 
the first step, the standard deviation is fixed at 50ns and the value of the mean is 
increased from 0ns to 500ns. In the second step, the standard deviation is changed while 
the mean is kept as a constant value of 50ns. The effect of random delays on the 
reconstructed spectra is shown in Figure 4.2 and Figure 4.3. It can be seen that the 
increase in both the mean and the deviation of the time delay cause the spectra to 
gradually become unsymmetrical about the spectral maxima, which is a good indication 
that the signal to noise ratio of the retrieved spectra is reduced. At the same time, the 
position of the spectral maxima is slightly shifted to the shorter wavelength region (less 
than 1nm). Therefore, the wavelength accuracy of the spectrometer model is not affected 
by the random time delays.  
 
From the simulation results, it can be concluded that constant time delay and random 
time delay have similar effects on the retrieved spectra. That is to reduce the signal-to-
noise ratio of the retrieved spectra when the amplitude of the time delay is increased. 
However, the wavelength shifts induced by both constant and random time delay are 
quite limited (less than 1nm from the actual positions for a given delay of 500ns). This 
reveals that the time delay existing in the electronic circuits does not alter the wavelength 
accuracy of the spectrometer model. 
 






 Figure 4.2 Spectral shapes under random time delays with fixed deviation of 50ns and 
variable means (0s, 150s, 300s and 500s) 
 
 
Figure 4.3 Spectral shapes under random time delay with fixed mean of 50ns and variable 
deviations (0ns, 150ns, 300ns and 500ns) 
 





Simulation results show the effects of the time delay between the triggering and sampling 
operation on the retrieved spectra. According to the spectral shapes, the time delay 
existing in the electronic circuits can be easily seen. Meanwhile, the simulation results 
can be used to evaluate the obtained spectrum, such as identifying the fake spectral 
features due to the unavoidable time delay. In addition, the simulation results are a good 
guide for the electronic circuits design. The circuit elements should be selected carefully 
so that the introduced time delay is very much less than 500ns. In this case, no fake 
spectral features are yielded, thus eliminating the procedure of correcting the spectrum. 
 
4.2 Device Design 
 
The device design is mainly composed of two parts, namely the mechanical design which 
establishes the foundation of a well-performing spectrometer model, and the electronic 
design which ensures that the interferogram can be recorded with minimal loss of 
information and adequate accuracy. Mechanical design involves designing the layout of 
the model and determining the structural dimensions, so that the model can function 
properly and meet the frequency and travel range requirements. Electronic design refers 
to the signal modulation circuit design which modulates the DPSS laser signal to generate 
feasible triggering pulses, and software programming used to acquire the IR 
interferogram data with an acceptable time delay. In the following sections, both the 
mechanical design and the electronic design of the model will be introduced in detail. 
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4.2.1 Mechanical Design 
 
The model is designed to have an out-of-plane vibration so as to introduce OPD between 
the movable grating and the fixed grating. To increase operational stability, the in-plane 
rotation of the model must be thoroughly eliminated. Therefore, the central platform of 
the model is suspended by eight supporting springs (two at each corner of the platform) 
as depicted in Figure 3.2, Figure 3.4 and Figure 3.5. To verify the stability of this layout, 
a finite element analysis (FEA) is carried out to determine the resonant modes of the 
spectrometer model. The detailed simulation process is described as follows. 
 
All the eight suspension springs and the whole platform are modeled in the finite element 
analysis. The boundary conditions applied to the simulation model is as follows (see 
Figure 4.4). The free ends of the serpentine springs are fixed, which means that these 
surfaces lose all degrees of freedom. However, the springs are free to rotate and twist. No 
boundaries are applied to the platform. Hex is the type of element used in this simulation. 
Convergence test is performed to ensure that the displacement difference between two 
calculations with different number of elements is less than 5%. With the applied 
boundary conditions, the mode analysis is conducted and the simulation results are shown 
in Figure 4.4. It can be observed that the first order frequency (289.75Hz) is well 
separated from the high-order frequencies (650.25Hz above). As a result, a piston-like 
motion of the platform can be expected and the perturbation from high order resonant 
modes can be neglected when it is actuated at the first order resonant frequency. This 
confirms that the designed layout can effectively improve the stability of the model. 
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4.2.2 Electronic Design 
 
The detailed diagram of the electronic data acquisition system is shown in Figure 4.5. A 
total of three signals need to be acquired, namely, the driving signal generated by the 
signal generator, the IR signal whose spectrum is to be determined and the DPSS laser 
signal which is used to trigger the data acquisition program. These signals have to be 
modulated and conditioned into digital signals before they can be used for the triggering 
purpose. The platform as well as the movable grating of the spectrometer is in resonant 
motion which is driven by a signal generator. The driving signal is also used to initiate 
the whole data acquisition process. This is realized by connecting the signal generator to 
a comparator and adjusting the reference voltage of the comparator. After the driving 
signal exceeds the preset reference voltage level, a digital high signal is generated to 
initiate the data acquisition program [69]. The signal from the IR detector is amplified by 
operational amplifiers before it is digitized by an analog to digital convertor (ADC) and 
captured by the data acquisition program. The modulated DPSS laser signal provides the 
conversion triggering signal for the ADC.  
 
A detailed description of the data acquisition and conditioning of the three signals will be 
introduced in the following three sections. In the last section, the field programmable gate 
arrays (FPGA) system, which is the platform to run the data acquisition software, is 
introduced and a brief description of the algorithm of the data acquisition program is 
presented. Please refer to Appendix A for detailed circuits diagrams. 
 
 





4.2.2.1 Modulation and conditioning of IR interferogram 
 
The signal from the IR detector should generally be left unaltered as it is the 
interferogram which needs to be recorded as precisely as possible so as to achieve an 
accurate spectrum after a Fourier transform operation is performed. However, due to the 
low power output of the IR detector, the analog signal from the detector is relatively 
weak. Two operational amplifiers (AD825) are positioned in line with each other to 
amplify the input signal (see Figure A1). The amplifiers are chosen based on their high 
slew rate and relatively short response time so as not to introduce any undue delay in 
acquiring the IR interferogram after initiating the process. A variable resistor is used such 
that the amount of amplification can be adjusted according to requirement. The resultant 
analog signal is then digitized using an ADC-AD7482. It is a 12-bit, high speed, low 
power, successive approximation ADC. A conversion starts when the conversion 
Figure 4.5 Schematic of the data acquisition system [69] 
Signal  

















12  BIT  
O / P 
 
Chapter 4  
68 
 
triggering signal derived from the DPSS laser outputs a digital low signal. The derivation 
of the conversion triggering signal will be discussed in more detail later.  
 
4.2.2.2 Modulation and conditioning of driving signal 
 
A signal generator is used to drive the platform of the spectrometer model at its resonant 
frequency. The same signal is used to trigger the data acquisition of the IR interferograms 
when the platform has reached its maximum displacement, corresponding to the instant 
when the maximum voltage from the signal generator is supplied. To achieve this goal, 
the signal from the signal generator is connected to a comparator and the reference 
voltage of the comparator is adjusted to a value near the peak of the driving signal. The 
comparator outputs a digital high signal when the input signal is higher than a reference 
voltage value. The digital high signal is then used to trigger the data acquisition program 
which is described in the section 4.2.2.4. A pictorial representation of the operation of the 
comparator (AD8561) is given in Figure 4.6 and the detailed circuits diagram is shown in 




Figure 4.6 Schematic of using the comparator to output digital high signal. The trigger 
value is set near the peak of the input signal such that it corresponds to the maximum 
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4.2.2.3 Modulation and conditioning of DPSS laser signal 
 
As the platform resonates, the OPD introduced between the movable grating and the 
fixed grating varies sinusoidally as indicated in equation (4.1). Hence, the interferogram 
of the DPSS laser has a varying periodicity, of which the amplitude is proportional to the 
instantaneous velocity of the platform. However, each cycle of the interferogram signal 
signifies a constant OPD value, which is equivalent one wavelength of the DPSS laser. 
 
Theoretically, the recorded interferogram signal of the DPSS laser is a cosine wave which 
oscillates about a constant voltage value. The OPD interval between two adjacent 
crossings of the constant voltage value by the interferogram signal is fixed as described 
earlier. Therefore, a circuitry can be designed to generate a pulse to trigger the conversion 
of the ADC each time the interferogram signal of the DPSS laser crosses the constant 
voltage value. With the help of the DPSS laser, it is possible to sample the IR 
interferogram, which is to be detected, at constant OPD intervals without considering the 
motion of the platform. The DPSS laser signal goes through four different modulation 
stages during the data acquisition process. They are amplification, high pass filtering, DC 
level shifting and the generation of trigger pulses. A schematic flow of how the triggering 
signal is produced after the modulation process is shown in Figure 4.7. 
 
The amplification of the recorded interferogram signal of the DPSS laser is achieved by 
using an operational amplifier (AD825) (Figure A3). Subsequently, the constant voltage 
existing in the interferogram signal is removed using a high-pass filter, which passes high 
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frequency signals and attenuates the signals whose frequencies are lower than a cutoff 




After passing through the filter, the interferogram signal oscillates about a constant 
voltage of 0V. In the next stage, the voltage level of the interferogram signal is shifted 
upwards so that its minimum voltage is larger than 0V, because the comparator (AD8561) 
only responses to positive voltage inputs. A potential divider is implemented to raise the 
voltage level of the interferogram signal to a required value. The amplifier placed before 
the potential divider has a unity gain and is used to provide good current drive for the 
Figure 4.7 Pulse generation process of the conditioned DPSS laser signal by the 










Output Signal (Negative Edge Triggered)
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circuit. The detailed circuit of the potential divider is shown in Figure A4. In the last 
stage, the conditioned signal is fed to the comparator (AD8561) where it is transformed 
from a sinusoidal wave to a square wave of the same period. The square wave signal is 
then sent to the monostable multivibrator (74HCT4538) to generate the triggering pulses 
for the ADC on the falling edges of the square wave.  
 
4.2.2.4 Data acquisition algorithm 
 
The data acquisition algorithm is developed based on the LabVIEW FPGA module. 
FPGA are arrays of silicon chips with unconnected software-configurable logic gates [70]. 
Compared to conventional software control, FPGA is superior in terms of reliability and 
processing time. Performing calculations in FPGA provides higher reliability, where 
crashes of any software layers will not have any effect on the execution of the code. 
Besides, when executing in software, the calculation must be performed after multiple 
software calls through the application software, driver application programming interface 
and operating system before actually interfacing with the unit under test. The fastest 
response time which can be achieved is around 25 micro-seconds [70]. On the contrary, 
when executing calculations in FPGA, software calls can be removed from the required 
response to the unit under test and the response to a digital signal can be within 25 
nanoseconds for the FPGA system which is running at a clock rate of 40MHz. The fast 
response of the FPGA system minimizes the time delay in the data acquisition process, 
thus reducing the effects of time delay on the retrieved spectra. The flowchart of the data 
acquisition algorithm developed is shown in Figure 4.8. 
 




Figure 4.8 Schematic of the data acquisition algorithm 
 
4.3 Experimental Results 
 
An experimental setup, similar to the one introduced in section 3.4, is built to test the 
optical performance of the spectrometer model under resonance condition (Figure 4.9). 
Compared to the one described in section 3.4, this setup uses a tunable infrared laser 
source (wavelength ranging from 1520nm to 1620nm) to replace the laser diode. The IR 
laser beam and a diode-pumped solid-state (DPSS) laser beam (λ=532.0nm) pass through 
the same set of optical components and are made incident on the spectrometer prototype. 
The diffracted zeroth order beam is split by a cold mirror so that the IR laser component 
and the DPSS laser component are directed to the respective detectors for measurement. 
The output of the detectors as a function of OPD is also recorded by the FPGA based data 
acquisition system. The photographs of the experimental setup and the optical 
components to modulate the incident light beam are shown in Figure 4.10.  
 
 







































Figure 4.10 (a) Photograph of the optical setup; (b) Array of optical components to focus 
the light beam onto the lamellar gratings 
 
The platform of the spectrometer model undergoes a bi-directional displacement of about 
100µm when it is driven at resonance condition. This will exert a lot of stress on the 
suspension springs and the central platform. As a result, the device structure, especially 
the central platform, may distort due to localized stress concentrations. The distortion of 
the platform will deform the movable grating attached to it. Hence, the performance of 
the spectrometer may be affected. In order to check the severity of the deformation of the 
movable grating finger, a 200V DC voltage, which is the maximum output of the power 
source, is fed to the device. The deformation is measured using the Zygo optical 
profilometer (Figure 4.11). It reveals that the movable grating fingers remain flat under 
deflection and further proves that the honey-combed platform has sufficient rigidity to 













Figure 4.11 The measurement of the deformation of the movable grating under deflection 
 
The fabricated micro-spectrometer is made to oscillate at its resonant frequency, which is 
determined to be 230Hz by conducting a frequency sweep under a peak-to-peak voltage 
of 70V (Figure 4.12). The magnitude of the driving signal is then increased from 20V to 
80V with an interval of 10V while its frequency is fixed at 230Hz. As a result, the 
deflection of the platform as a function of the applied voltage is obtained (Figure 4.13). 
When the amplitude of the driving signal is increased, the maximum displacement of the 
spectrometer device becomes larger. A bi-directional displacement of about 100μm is 
observed with a peak-to-peak voltage of 80V superimposed on a DC bias of 110V. The 
maximum displacement of the spectrometer device is limited by stable travel range of the 
platform, which is about one third of the initial gap (around 200µm) between the platform 
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and the bottom electrode. Beyond that range, the pull-in phenomenon [71, 72] is prone to 
happen and the actuator will collapse in that case.  
 
 
Figure 4.12 Frequency response of the fabricated spectrometer device 
 
 
Figure 4.13 Deflection of the platform with the applied voltage 
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Four different wavelengths (1520nm, 1550nm, 1580nm and 1610nm) of the tunable laser 
are used in the experiment. For each wavelength, the interferogram is taken by averaging 
100 scans in order to increase the signal-to-noise ratio of the obtained spectra. The 
recorded interferogram data (see Figure 4.14) are calculated using a Fast Fourier 
Transform (FFT) operation and the reconstructed spectra are shown in Figure 4.15. The 
spectral peaks of the retrieved spectra are located at 1519nm, 1549nm, 1579nm and 
1609nm respectively, deviating by less than 1nm from the actual wavelengths used. 
Furthermore, the detected full-width at half-maximum (FWHM) resolution values 
corresponding to the wavelengths used are 22nm, 23nm, 23nm and 24nm, which are in 




Figure 4.14 Recorded interferogram for 1520nm wavelength 
 




Figure 4.15 Reconstructed spectra for selected wavelengths 
 
4.4 Discussion  
 
From the experimental results, it can be concluded that the resolution of the spectrometer 
model is greatly improved when operated at resonance condition compared to driven 
step-by-step. An effective OPD of 100µm is obtained, which is about twice that achieved 
under the step-by-step actuation regime described in section 3.4. The simulation results 
indicate that the non-uniform sampling problem has limited impact on the retrieved 
spectra as long as the time delay does not exceed 500ns. In addition, the model acquires 
data rapidly. Given a resonant frequency of 230Hz, an interferogram can be generated 
within 1ms. Apart from this, the model demonstrates impressive wavelength accuracy in 
the near- infrared wavelength range and no spectral ghosts were observed in the retrieved 
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spectra. This proves that the non-uniform sampling problem can be successfully 
alleviated with the help of a reference laser. At the same time, it is confirmed that the 
simulation results based on the proposed mathematical model are capable of predicting 
the effects of non-uniform sampling on the retrieved spectra. However, despite all these 
advantages, the maximum OPD of the model is restricted by the stable travel range of the 
parallel plate actuators, which is about one third of the initial gap between the two 
electrodes. This means that initial gap of the parallel plate actuators has to be 
substantially increased in order to increase the maximum OPD significantly, thus 
requiring a much higher voltage to be used to actuate the model.  
 
To enhance the resolving power of the model while maintaining the important 
characteristic of a low driving voltage, a mechanism to combine together the scanning 
ranges of two spectrometers will be introduced. It is envisaged that this will produce a 
“cascade” spectrometer model which has an extended scanning range and better spectral 













Chapter 5 Cascaded MEMS Fourier Transform 
Spectrometer  
 
This chapter presents the study of a cascaded MEMS Fourier transform spectrometer, 
which is a combination of two lamellar grating interferometers with different initial 
offsets. These interferometers separately generate individual interferograms which are 
subsequently combined using a correlation-based algorithm. It is hoped that the cascaded 
spectrometer will have an extended scanning range as well as improved resolution. A 
brief overview of the cascaded spectrometer model is presented first. It is followed by an 
introduction of the proposed algorithm for the purpose of processing the two separate 
interferograms. Lastly, the experimental results will be shown to demonstrate the 
feasibility of the proposed algorithm in implementing a cascaded pair of Fourier 
transform spectrometers.  
 
5.1 Overview of Cascaded Spectrometers  
 
The concept of cascaded spectrometers has been brought up recently in response to the 
demand for high resolution spectrum measurements in industry and scientific research. 
This is on the basis that a cascaded spectrometer is expected to have greater spectral 
resolving power compared to single units. As a consequence, the spectrum obtained can 
yield more information about the sample under test. In the late 1990s, a theoretical model 
 
Chapter 5  
81 
 
of a cascaded spectrometer was proposed by Iwata and Koshoubu [73]. This model was 
realized by using a Fabry-Perot interferometer in tandem with a second spectrometer. 
Simulation results showed that it was applicable in high resolution and wide bandwidth 
spectrum measurement [73]. Later on, this idea was experimentally verified. The reported 
model used a microfabricated Michelson interferometer to order sort a MEMS Fabry-
Perot interferometer, which was constructed by aligning the cleaved end facet of an 
optical fiber to a vertical micromirror [19]. This model took advantage of the high 
resolving power possessed by the Fabry-Perot interferometer and the wide spectral 
detection range of the Michelson interferometer, thus outperforming both interferometers 
in optical performance. However, the gap between the fiber facet and the micromirror 
was manually adjusted to filter the incident radiation. This puts a limit on the maximum 
optical resolution that can be achieved by the model. Moreover, the vertical micromirror 
has low reflectivity due to its rough surface, which constrains the fineness of the Fabry-
Perot interferometer and further reduces the resolution of the system.     
 
In this chapter, an innovative method is proposed to implement cascaded Fourier 
transform spectrometers. The schematic of the cascaded spectrometer model is shown in 
Figure 5.1 and the SEM photograph shows the close-up view of the gratings (Figure 5.2). 
It consists of two lamellar grating interferometers, labeled as interferometer 1 and 
interferometer 2, which are both attached to the platform. Interferometer 1 has a near-
zero initial offset (about 3.2µm) and a scanning range of 22.5µm, while the other has the 
same scanning range but a different initial offset, which is introduced by aligning and 
gluing the fabricated device to the bottom substrate with two pillars protruding from it. 
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Since the fixed grating of interferometer 2 is suspended by folded-beam structure, it can 
move in the vertical direction. Upon contact with the pillar underneath, it is pushed 
upwards by about 20µm which is equal to the height of the pillar. Hence, the initial offset 
of interferometer 2 is roughly 20µm. During the testing process, interferometer 2 covers a 
scanning range of 22.5µm starting from its initial offset. This means that there is an 
overlap between the optical path differences (OPD) introduced by interferometer 1 and 
interferometer 2. They generate interferograms corresponding to their respective OPD 
ranges. A dedicated algorithm is then developed and employed to process the 
interferograms mathematically. The algorithm basically identifies the initial OPD of 
interferometer 2 using a correlation-based method, so that the two interferograms can be 
combined sequentially to retrieve the spectrum after performing a Fourier transform 
operation (Figure 5.3). This model is envisaged to have an improved resolution based on 




Figure 5.1 Schematic of the cascaded spectrometer model (a) before assembly (b) after 












Figure 5.2 SEM photograph of the cascaded spectrometer model 
 
 
Figure 5.3 Data processing flow of the proposed cascaded spectrometer 
 
5.2 Introduction to the Pearson Correlation Coefficient 
 
The proposed algorithm for data processing is based on calculating the correlation 
coefficient of two interferogram signals. Hence, it is necessary to gain a good 
understanding of the correlation coefficient first before the algorithm is introduced. In 
statistics, the Pearson correlation coefficient is frequently used and is sometimes referred 
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to as “Pearson’s r”. It is a good indication of the strength of linear dependence between 
two variables [74, 75]. Given that there is an OPD overlap between the OPD introduced 
by the two interferometers, the correlation coefficient is calculated using the 
interferogram data recorded within this overlapping OPD range. The equation used to 
calculate the Pearson correlation coefficient F is expressed as follows [75]: 
𝐹 = ∑ (𝑋𝑖−𝑋�)(𝑌𝑖−𝑌�)𝑛𝑖=0
�∑ (𝑋𝑖−𝑋�)2𝑛𝑖=0 �∑ (𝑌𝑖−𝑌�)2𝑛𝑖=0                                             (5.1) 
where 𝑋𝑖  and 𝑌𝑖  stand for the data points from interferogram 2 and interferogram 1 
generated by interferometer 2 and interferometer 1, respectively. 𝑋� and 𝑌� are the means 
of the two data sets. 
 
The correlation coefficient F ranges from −1 to 1 depending on the strength of correlation 
between X and Y. F=0 indicates that the two variables (X and Y) are not linearly 
correlated. In contrast, F=−1 and F=1 imply that there exists a linear relationship between 
X and Y. In the case of interferogram processing, F=1 reveals that two interferogram 
signals are perfectly in phase with each other, while F=−1 means that two interferogram 
signals are 180° out-of-phase. Hence, the correlation coefficient reflects the relative 
position of two interferogram signals. This characteristic of the correlation coefficient is 
used to bring the two interferogram signals in phase during the data processing. In 
conjunction with light intensity variation, it helps determine the initial OPD of 




Chapter 5  
85 
 
5.3 Algorithm for Interferogram Processing 
 
The proposed algorithm is a post-processing method to deal with the interferogram data. 
Therefore, the complexity of the interferogram has a direct impact on the algorithm’s 
effectiveness. Given that the interferograms of incident radiations are normally 
complicated and difficult to interpret, a reference radiation with a known interferogram 
waveform is employed to simplify the data manipulation process. The reference radiation 
used in the experiment is a diode-pumped solid-state (DPSS) laser, which has a center 
wavelength of 0.532µm. Most importantly, the interferogram of the reference radiation 
has a decaying amplitude arising from the shadowing effect [20]. This feature is the key 
to the success of the algorithm.  
 
It is known that interferometer 1 scans over the OPD range from 6.4µm to 51.4µm, but 
interferometer 2 scans from an unknown OPD value of x to (x+45)µm. Now, the 
objective of the algorithm becomes specific, that is, to determine precisely the value of x. 
During experimentation, the interferograms of the reference radiation acquired by both 
interferometer 1 (near-zero initial OPD) and interferometer 2 (unknown initial OPD x) 
are sampled at a constant OPD interval of 60nm. Based on this, the process flow for 
searching x is as follows (see Figure 5.4). First, the data set X is defined, which consists 
of the first 100 data points in interferogram 2. An initial OPD value is then assigned to x. 
Since there exists an OPD overlap, the data set Y can be defined according to the assigned 
value of x, which consists of 100 data points belonging to interferogram 1. After that, the 
correlation coefficient F is calculated and evaluated. If F returns value other than 1, the 
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initial OPD value will be shifted forward or backward by 60nm, which is the sampling 
interval, and reassigned to x. X and Y are accordingly updated for calculating the 
correlation coefficient one more time. This procedure continues until F=1, which brings 
two interferograms in phase with each other. However, this does not necessarily mean 
that the OPD value obtained is the actual one, because the two interferograms may be 
spaced several integer wavelengths apart in OPD.  
 
 
Figure 5.4 Schematic of the data processing flow using the proposed algorithm 
 
In order to distinguish the two signals which are in phase with each other, it is required to 
calculate the summation of the absolute difference between the corresponding data points 
contained in X and Y. It is called the “accumulative error” in the following text and 
represented by S. As the OPD difference between the two in-phase interferogram signals 
increases, the introduced accumulative error also increases due to the amplitude decaying 
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property of the interferogram. Without this property, the proposed algorithm simply loses 
its functionality. The mathematical expression of S takes the following form, 
𝑆 = ∑ |𝑋𝑖 − 𝑌𝑖|𝑛𝑖=1                                                    (5.2) 
When S returns a value other than 0, the initial OPD x1 will be shifted by multiples of the 
reference wavelength. Accordingly, the data set Y is updated and fed into the calculation 
of S. The OPD value which makes S equal to 0 is the actual OPD introduced by 
interferometer 2. After this OPD value is determined, the objective of the algorithm is 
achieved and therefore the two interferograms can be combined together.  
 
In summary, the proposed algorithm works by first calculating the correlation coefficient 
F, which is a good indication of the phase difference between the two interferogram 
signals. According to the value of F, the data set Y is updated until F=1. This brings the 
two signals in phase with each other. Then, the accumulative error S is introduced to 
determine the initial OPD value of interferogram 2. Based on this unique OPD value, F 
returns a value of one and at the same time S achieves its minimum. This is the 
fundamental principle behind the proposed algorithm. 
 
5.4 Experimental Results 
 
The performance of the cascaded spectrometer model is evaluated using the experimental 
setups shown in Figure 5.5 and Figure 5.6. The first setup is used to acquire the 
interferograms of the DPSS laser. Based on the interferograms, the initial offset of 
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interferometer 2 is determined using the proposed algorithm. The second setup uses a 
combined light source consisting of two laser diodes, whose spectral lines are 15nm apart 
with their wavelengths centering at 0.635µm and 0.65µm, respectively. This setup is built 
to verify the ability of the cascaded spectrometer model to separate closely-spaced 
spectral wavelengths which are difficult to be resolved by a single spectrometer. The data 
acquisition (DAQ) system mentioned in section 3.4 supplies voltage to the spectrometer 
model and drives it to scan step-by-step with an incremental step of 0.03µm. Meanwhile, 
it collects the interferogram data that will be further process by the proposed algorithm 
described above (section 4.4). The curve showing the measured offset values of 
interferometer 1 under different voltages (Figure 5.7) is used to interpolate the 
intermediate voltage value for each incremental step. The interferograms of the DPSS 
laser and the laser diodes are detected sequentially and sampled with a constant OPD 
interval of 0.06µm. After determining the initial offset of interferometer 2 using the 
proposed algorithm (section 4.4), the interferograms of the laser diodes are combined and 
processed to show the change in spectrum resolutions before and after cascading. 
 
 
Figure 5.5 Schematic of the experimental setup used to collect the interferogram data of 
the DPSS laser 
 





Figure 5.6 Photograph of the experimental setup used to capture the interferogram data of 
two laser diodes 
 
 
Figure 5.7 The offset of interferometer 1 as a function of the applied voltage measured 




Chapter 5  
90 
 
The interferograms of the DPSS laser acquired by interferometer 1 and interferometer 2 
are shown in Figure 5.8. Subsequently, the data processing is conducted based on the 
proposed algorithm. Firstly, x is preset a chosen value of 40.04µm, which is close to the 
initial OPD of interferometer 2. Accordingly, the data sets X and Y are defined. X and Y 
contain 100 data points from interferogram 2 and interferogram 1, respectively. Then, the 
correlation coefficient is calculated, returning a value of 0.471.  Thus, it is necessary to 
reset x and redefine Y. This procedure is repeated several times and x is shifted from 
40.04µm to 40.28µm in steps of 0.06µm, at which points the correlation coefficients are 
found to be −0.993, −0.76, −0.152, 0.522, and 0.941, respectively. This indicates that the 
correlation coefficient is very sensitive to the OPD error. With its help, it is easy to make 
two interferogram signals to be in phase with each other.  
 
 
Figure 5.8 Interferograms acquired by the two interferometers (a) interferogram 1 (near-
zero initial offset) (b) interferogram 2 (unknown initial offset) 
 
After this, the misalignment between them has to be determined, since the two signals, 
although in phase, may be spaced several periods apart. The proposed algorithm uses the 
accumulative error S to speculate the OPD difference between the two in-phase signals. 
Starting from a value of 40.28µm, the initial OPD value x is shifted by 9 sampling 
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intervals (0.54µm) each time, which are equivalent to about one wavelength of the DPSS 
laser (0.532µm). As shown in Figure 5.9, the amplitude of S becomes larger when the 
difference between the assumed value of x and the actual initial OPD increases. The zero 
OPD difference between the data sets X and Y gives the minimum value of S, which is the 
actual initial OPD that the proposed algorithm is trying to find. In this case, the initial 
OPD is determined to be 42.44µm, corresponding to 21.22µm in the initial offset of 
interferometer 2.  
 
 
Figure 5.9 The accumulative errors versus the assumed initial OPD of interferometer 2 
 
After determining the initial offset of interferometer 2, the two interferograms can now be 
combined together. The spectra before and after cascading are reconstructed to show the 
beneficial effects of the proposed algorithm. Figure 5.10 (a) shows the spectrum of the 
DPSS laser corresponding to interferogram 1. The spectrum peak is observed at 0.533µm 
and yielded an FWHM resolution of 7.7nm. In comparison, the spectrum after cascading 
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(Figure 5.10 (b)) peaks at 0.5332µm and has a FWHM resolution of 4.5nm which is 
about 41% smaller than the spectrum resolution before cascading. This demonstrates that 
the proposed algorithm is capable of combining two separate interferograms with 
adequate accuracy (no fake spectral features are observed) and the cascaded spectrometer 
model is shown to have better performance in terms of optical resolution.   
 
 
Figure 5.10 Retrieved spectra of the DPSS laser (a) before cascading (b) after cascading 
 
The resolving power of the cascaded spectrometer model is further testified using the 
combined light source of two laser diodes operating at wavelengths of 0.635µm and 
0.65µm. The interferogram (Figure 5.11) is plotted based on the initial offset of 
interferometer 2 which is determined in the previous step, while the spectra of the light 
source before and after cascading are depicted in Figure 5.12. The spectrum before 
cascading (see Fig. 5.12 (a)) shows that the two spectral peaks appear as one and the 
spectral peak at 0.65µm cannot be clearly identified. However, the spectrum after 
cascading (Fig. 5.12 (b)) yields two sharp spectral peaks at 0.634µm and 0.6508µm. They 
are well separated and can be identified as two different wavelengths unambiguously. 
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This indicates that the cascaded spectrometer model has improved resolving power while 
maintaining its wavelength accuracy. 
 
 
Figure 5.11 Combined interferogram of the two laser diodes 
 
 
Figure 5.12 Retrieved spectra of the combined light source (a) before cascading (b) after 
cascading 
 
To further study the performance of the cascaded spectrometer model, a light-emitting 
diode (LED), which has a continuous spectrum centered at 0.66µm and occupying a 
FWHM resolution of 23.0nm, is employed as the incident radiation. Compared to the 
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previous experimental setups, this one (Figure 5.13) requires that collimating components, 
including a lens and a microscope objective, be used to minimize the power loss due to 
the poor directionality of the LED. An XYZ stage is used to adjust the position of the 
input fiber port in order to achieve the maximum output power. The interferogram of the 
LED is shown in Figure 5.14. It can be seen that the amplitude of the LED interferogram 
decays rapidly as the optical path difference increases. The corresponding reconstructed 
spectrum of the LED before cascading (Figure 5.15 (a)) shows the spectral peak at 
0.6622µm. After cascading, the yielded spectral peak is located at 0.6634µm. Thus, the 
peaks deviate 2.2nm and 3.4nm from the actual center wavelength. The FWHM 
resolutions are determined to be 32.6nm and 31.4nm, respectively. The results indicate 
that the cascaded spectrometer model result in little improvement in spectrum resolution 
when the radiation source has a wide spectral band. In spite of that, it still exhibits good 
wavelength accuracy, which reaffirms the capability of the the proposed algorithm to 
accurately determine the initial offset of interferometer 2.  
 
 
Figure 5.13 Photograph of the experimental setup used to capture the interferogram data 
of the LED 
 
 












Based on the experimental results, it can be concluded that the proposed algorithm is able 
to accurately determine the initial offset of the second of the cascaded interferometer and 
effectively combine the two interferograms. Therefore, it could be applied to cascaded 
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spectrometers to enhance their resolving power. Compared to a single lamellar grating 
interferometer, the cascaded spectrometer can generate laser spectrum with a FWHM 
resolution which is about 50% smaller. Thus, it can be used to identify two closely 
spaced spectral lines without ambiguity, which are difficult to be resolved by a single 
spectrometer before cascading. However, it is found that the improvement in spectrum 
resolution is applicable mainly to incident radiations with long coherence lengths, such as 
lasers and laser diodes.  
 
In the case when a broadband radiation source is used, the amplitude of the interferogram 
decays exponentially. Beyond its coherence length, the fringe contrast is lost at the 
photodetector and the interferogram data acquired thus almost contribute nothing to the 
retrieved spectra. Therefore, the cascaded spectrometer was unable to enhance the 
spectrum resolution of the LED as verified by the experimental results. Apart from this, it 
is noticed that the proposed algorithm makes use of the amplitude decaying property of 
the laser interferogram caused by the shadowing effect to determine the initial offset of 
interferometer 2. For other types of Fourier transform spectrometers, a narrowband light 
source, whose interferogram amplitude also decays as the optical path difference 
increases, might be used as the reference radiation. Hence, the algorithm may be 
extended to reinforce the resolving power of Fourier transform spectrometers in general. 
 
If more than two interferograms need to be cascaded, e.g., three interferograms, it should 
be ensured that the OPD range of the third interferogram has an overlap with that of the 
first or the second interferogram. Meanwhile, the interferogram of the reference radiation 
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decays in the OPD range covered by the three interferograms. Under these conditions, the 
developed algorithm can be applied to determine the initial OPD of the third 

























Chapter 6 Conclusion and Future Work  
 
This study concerns the design, fabrication and characterization of a lamellar grating 
based Fourier transform spectrometer. To enhance its resolving power, two different 
mechanisms were adopted. The first mechanism was to change the motion mode of the 
spectrometer model from step-by-step quasi-static scanning to resonant dynamic 
scanning. The second mechanism combined the scanning ranges of two interferometers 
by means of a customized algorithm. A lot of issues regarding the development of the 
proposed spectrometer model were covered in this thesis.  
 
6.1 Summary of Results and Major Contributions 
 
The lamellar grating based Fourier transform spectrometer model was fabricated using 
silicon micromachining technology. Simulation was carried out to verify the mechanical 
structure design and an optical setup was built to demonstrate the optical performance of 
the fabricated spectrometer model. It was found that the model exhibited full-width at 
half-maximum (FWHM) resolutions of 9.8nm at 532nm and 12.6nm at 637.2nm, 
respectively. The observed resolution values agree well with the theoretical ones (see 
section 3.4), indicating excellent resolving power of the model in the visible wavelength 
range. The wavelength accuracy of the spectra obtained by this model is comparable to 
that generated by other models reported in the literature. This suggests that the fabricat3d 
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model can perform high-accuracy spectra measurements. A contribution of this study is 
that it proves that it is feasible to fabricate micro-sized functioning systems of good 
performance using silicon micromachining technology. This confirms the important role 
it can play in the miniaturization of the equivalent macro-sized instruments. 
 
An innovative fabrication method was developed in order to successfully realize the 
proposed spectrometer model, since the suspension springs of the model were designed to 
have a smaller thickness. The developed fabrication method was proved to be effective in 
reducing the thickness of the suspension springs. By using it, the thickness of the springs 
was reduced from 75µm to about 25µm, which met the design requirements and 
effectively softened the mechanical springs. The fabrication method may be extended to 
improve the performance of existing MEMS devices by selectively changing the 
thicknesses of their key components. As such, it may be used to implement 3D MEMS 
devices with more complicated structures and other useful functions. 
 
To improve the resolving power of the fabricated spectrometer model, it was chosen to 
operate the model at resonant condition. Experimental results showed that an effective 
OPD of 100µm was obtained, which was about twice that achieved under the step-by-
step actuation regime. This indicated that the performance of the spectrometer model was 
improved by about 100%.  Meanwhile, the model showed good wavelength accuracy in 
the near- infrared wavelength range. The effect of sampling delay on retrieved spectra 
was also studied theoretically and experimentally when the fabricated device was 
operated at resonance. Simulation results based on the extracted mathematical model 
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revealed that sampling delay introduced spectral noise into the reconstructed spectra, thus 
reducing their signal-to-noise ratio. However, it was inferred from the simulation results 
that no fake spectral features were yielded when the time delay was less than 500ns. In 
fact, this condition can be easily achieved by digital signal processing technology 
nowadays. The simulation results were further validated by the subsequent experimental 
results. The results indicated that the mathematical model can be used to address the 
problem of sampling delay when the tested spectrometer model is operated at resonance. 
In addition, it may be employed to predict the influence of sampling delay when the 
operation conditions are changed. In particular, the sampling speed of the required data 
acquisition circuits could be selected according to the mathematical model, so the 
expenditure of cost and time spent on choosing the circuitry components can be 
effectively reduced. 
 
To further enhance the performance of the proposed model, a mechanism was proposed 
and applied based on the fact that the resolving power of a spectrometer could be 
improved by combining the scanning range of two spectrometers together. To the 
author’s knowledge, this study is the first that adopts this method to improve the 
resolution of spectrometers. Experimental results revealed that the cascaded spectrometer 
model was very effective in improving the spectrum resolution of radiation sources with 
long coherence lengths. This method could be extended to other Fourier transform 
spectrometers with the help of a narrowband radiation source. Besides, the concept 
behind this mechanism could be utilized by other MEMS devices to improve their 
performance, which is normally confined by their small dimensions. 
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6.2 Limitations and Future Work  
 
This study focused on realizing micro-sized spectrometers through silicon 
micromachining technology. Therefore, the available material for the design was 
confined to silicon and its compound. With the emergence of new materials and the 
development of micromachining technology, different spectrometer models with better 
performance may be conceived and demonstrated. Further research is needed to 
investigate the mechanical and optical properties of existing materials and study the 
corresponding machining methods to find the optimum combination. The main challenge 
is to reduce machining cost when methods other than silicon micromachining are used, 
since existing methods are generally less competitive in terms of cost. Moreover, 
developing new machining techniques requires a great deal of consumption of money and 
manpower. 
 
It is acknowledged that one limitation of the proposed model is that it is only applicable 
in the visible and near infrared wavelength range. Beyond this range, either its optical 
resolution worsens or the surface roughness of the grating starts to have an effect on the 
incident light. Therefore, the optical performance of the model is expected to deteriorate 
significantly. Further work is needed to improve the surface roughness of silicon wafers 
so as to meet the requirements imposed by, say, a ultraviolet light source. As such, effort 
should be made to further improve the resolution of the model when mid-infrared or far-
infrared light sources are used.  
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It is well-known that the damping ratio can affect the maximum displacement of the 
platform in the spectrometer model, which, in turn, influences the resolution of the 
spectrometer. Methods of altering the damping ratio include putting the model in a 
vacuum chamber and varying the structural dimensions. Considering that this study is 
targeted at implementing a portable spectrometer model that is to be operated at 
atmospheric pressure, it did not consider improving the resolution of the model by 
operating it at lower air pressures. Hence, further research is needed to redesign the 
mechanical structure of the model to reduce its damping ratio. It would be useful for 
future research to determine the influence of structure layout on the damping ratio 
introduced. The use of the finite element method is a possible approach to investigate this 
problem.  
 
Besides the limitations mentioned above, it is recognized that the proposed mechanism 
using cascading for resolution improvement is restricted to two lamellar grating 
interferometers at present. It could be applied to other Fourier transform spectrometers 
provided a narrowband light source is used as the reference radiation. Moreover, the two 
interferograms to be cascaded are acquired sequentially. Future work will focus on 
recording the two interferograms concurrently to shorten the data acquisition time. 
Meanwhile, the possibility of combining two or more different types of Fourier transform 
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Figure A2 Circuit diagram of the comparator AD8561 
 
Figure A1 Two AD825 are used to provide amplification and a non-inverting output 
for the IR interferogram 
 













Figure A3 Circuit to amplify the signal from the detector and the high-pass filter 
Figure A4 Circuit to adjust the constant DC level of the DPSS laser signal 
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